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Chapter 1

Introduction

High-pressure experiments with conventional Mössbauer Spectroscopy (MS) are well
established since the early days of this method [PBD61, Hol75]. Up to now, high-
pressure MS delivers very useful information in many scientific fields such as solid-
state physics, geophysics or mineralogy [TP90, MH98]. The study of magnetism is
one of the most prominent subjects for high-pressure MS. Here, both the magnetic
ordering temperatures and local moments can be studied. When diamond-anvil cells
(DACs) are used, MS is possible at pressures well above 100 GPa (corresponding to
1 Mbar) [PTJ97], allowing a huge variation of the lattice parameters.

The use of synchrotron radiation (SR) for Mössbauer Spectroscopy was proposed
in 1974 [Rub74], the first successful experiments were performed a decade later by
the group of E. Gerdau using nuclear Bragg reflection from an YIG single crystal
[GRW85]. Polycrystalline samples could be investigated with the method of Nuclear
Forward Scattering (NFS) introduced in 1991 by Hastings et al. [HSB91, BSH92]. It
became immediately evident that the NFS method, which is the time analog of the clas-
sical Mössbauer effect, is especially suited for high-pressure experiments with DACs
by taking advantage of the laser-like collimation of SR.

The extremely fruitful symbiosis between high-pressure research and synchrotron
radiation is documented by an enormous progress of x-ray diffraction studies in the
Mbar range [LLH96, LTW99]. Other SR methods benefitted also very much from
this development, enabling high-pressure studies, for instance, with x-ray absorption
[BFM98], inelastic x-ray scattering [KMM97] and x-ray fluorescence [BSS99].

The subject of this thesis are high-pressure studies with two new methods applying
Nuclear Resonant Scattering of SR. These methods are:

(a) Nuclear Forward Scattering of SR for the study of hyperfine interactions, based on
recoilless absorption and emission of gamma quanta similar to conventional MS, and

(b) Nuclear Inelastic Scattering (NIS) of SR, which uses the energy transfer connected
with the inelastic nuclear absorption of gamma quanta. This new method, introduced
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in 1995 by M. Seto et al. [SYK95] and W. Sturhahn et al. [STA95], allows a direct
experimental determination of the phonon density of states (DOS) in a solid.

In both cases specially modified diamond-anvil cells are used. The NFS studies are
concerned with the magnetism in RFe2 Laves phases, the NIS studies with the phonon
DOS in theα- andε-phase of metallic iron.

To (a): Magnetic intermetallic compounds of rare earth elements (R) with iron-group
transition metals have been intensively studied since decades both for a principal
understanding of their magnetic properties as well as for technological application.
In this thesis the magnetic properties of RFe2 Laves phases (R=Y, Gd, Sc) are stud-
ied with NFS at pressures up to about 100 GPa. Due to their simple crystallographic
structures, these RFe2 systems are considered as model systems for magnetism in R-
Fe compounds. The application of external pressure allows for a systematic study of
the large variety of magnetic properties in these systems, which are normally caused
by the different constituents R [BCK90]. The present work is a continuation of the
first high-pressure NFS study of theα-ε transition in metallic iron, performed by H.F.
Grünsteudel in the framework of his PhD thesis at the University of Paderborn [Grü97].

To (b): The inner core of the Earth is composed almost entirely of iron or iron-rich
alloys [Buk99]. This geophysical aspect is one of the many motivations to study the
phase diagram of iron with its various isomorphs in a wide pressure and temperature
range. The hcp high-pressure phase of iron (ε-Fe) is considered the most relevant phase
for the solid inner core [YAC95]. While a considerable amount of data on the pres-
sure and temperature phase diagram of iron is available [And97], there is much less
experimental information on the lattice dynamics ofε-Fe. Here we determine experi-
mentally with NIS up to 42 GPa the phonon DOS in theα-phase and, for the first time,
in theε-phase of iron. From these data a variety of thermodynamic parameters were
derived, such as Debye temperatures, Grüneisen parameters, the vibrational contribu-
tions to entropy and specific heat. Of particular geophysical interest are the derived
sound velocities.

The thesis is organized as follows: The special properties of SR are described in
chapter 2. Chapter 3 provides an introduction to the basic features of Nuclear Res-
onant Scattering. A considerable part of the thesis work was concerned with the devel-
opment of new diamond-anvil cells and gasket materials. These experimental aspects
are outlined in chapter 4 together with the experimental set-up of the Nuclear Res-
onance Beamline at the European Synchrotron Radiation Facility (Grenoble). The
experimental results of NFS high-pressure studies of RFe2 systems and the derived
magnetic properties are presented and discussed in chapter 5. The NIS study of the
phonon DOS in iron and the derived thermodynamic properties are contained in chap-
ter 6. The final chapter summarizes the results and gives an outlook to future NFS and
NIS experiments.
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Chapter 2

Synchrotron Radiation

The investigation of magnetic and dynamic properties of RFe2 systems and metallic
iron in this thesis was performed with Nuclear Resonant Scattering (NRS). The rapid
development of this new spectroscopy and its applicability at very high pressures is
made possible by the special properties of synchrotron radiation (SR) at third genera-
tion sources like theEuropean Synchrotron Radiation Facility (ESRF) in Grenoble or
theAdvanced Photon Source (APS) at the Argonne National Laboratory, Chicago.

The aim of this chapter is to introduce briefly the basic features of SR followed by a
short description of radiation sources. For further details the reader is referred to the
literature [Jac75, IFF92].

2.1 Basic Features

Synchrotron Radiation is electromagnetic radiation which is emitted by charged rela-
tivistic particles on a curved trajectory. It is no longer used at circular particle accel-
erators (the actualsynchrotrons) but at storage rings, where the particles are stored at
constant energyE. In this case the radiated power is [Jac75]

PS =
e2c

6πε0 (m0 c2)4

E4

R2 (2.1)

with particle chargee and rest massm0, vacuum permittivityε0 and radius of curvature
R.

Due to the factorm4
0 in the denominator, it is obvious that only light particles such

as electrons or positrons are used for the generation of SR. In a magnetic fieldB, the
particles can be forced to follow a circular trajectory with radius

R [m] = 3:336
E [GeV ]

B [T ]
(2.2)
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v c<< v � c

Figure 2.1: Emission of radiation from a radially accelerated electron for non-relativistic
(left) and relativistic (right) velocities [Wil96].

The energy loss during one cycle of a relativistic electron is

∆E [keV ] = 88:46
E4

[GeV ]

R [m]
: (2.3)

For the storage ring at the ESRF withE = 6 GeV andR = 23:4m, one obtains 4.9 MeV
per cycle. The resulting total radiation power along the ring is 490 kW, when a typical
beam current of 100 mA is assumed.1

The radiation pattern of a radially accelerated electron is shown in figure 2.1 for ve-
locities v� c and v� c. The radial distribution for the non-relativistic case has the
well-known dipole character, whereas for v� c one has to perform a Lorentz trans-
formation. The radiation in the laboratory frame is emitted into a small cone with an
energy-dependent opening angle

Θ =
1
γ
=

m0c2

E
: (2.4)

As a consequence, the radiation seen by a stationary observer is a short pulse originat-
ing from the passing electron. This leads to a wide distribution of the energy spectrum,
which is characterized by the critical energy [IFF92]

Ec =
3h̄cγ3

2R
= 2:22 keV

(E [GeV])3

R [m]
(2.5)

below which half of the radiation power is emitted. The critical energy for a bending
magnet at the ESRF isEc= 20.5 keV.

1This value represents the minimum power for re-acceleration of the electrons. With additional
Insertion Devices (see section 2.2) an actual power of about 5 MW is necessary at ESRF to keep up the
beam [ESR96].
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Intensity

For a quantitative description of SR sources, the three physical parametersbrightness,
flux andbrilliance are defined [IFF92].Brightness is the number of photons per second
which are emitted in a solid angle of 1 mrad2 within an energy bandwidth∆E=E =

0:1%. Integration over the vertical opening angle of the beam gives theflux. If the
brightness is normalized to the size of the electron beam (inmm2), one obtains the
brilliance which is given by

brilliance=
photons/s

solid angle [mrad2] �source size [mm2] �0.1% bandwidth
(2.6)

This parameter is a measure of the spatial photon density in the beam and therefore
most important for high pressure experiments.

2.2 Insertion Devices

Very high brilliance SR is generated byinsertion devices, which consist of periodic
magnetic structures installed in the straight sections of a storage ring (see figure 2.2).
Their purpose is to force the particles on a sinusoidal trajectory and enhance the emitted
radiation without perturbing the stored electron beam. The optical properties of an
insertion device are characterized by the undulator parameterK: the ratio between the
maximum deflection angleα in the device and the opening angleΘ of the SR

K =
α
Θ

=
eλ0 B0

2πme c
= 0:934�λ0[cm] �B0[T ] ; (2.7)

whereλ0 is the period length andB0 the peak value of the magnetic field. With respect
to the parameterK, one can distinguish two basic types of insertion devices: wigglers
and undulators.

Wigglers

A wiggler is characterized by a large period length and a high magnetic field (K � 1).
Due to the large deflection angleα, the radiation of each wiggle adds up incoherently
and the intensity from N magnetic periods is 2N times the intensity of a single bending
magnet. A wiggler can be regarded as a set of stacked bending magnets and has there-
fore similar characteristics: a broad energy distribution and an emission in a relatively
large solid angle.
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Figure 2.2: Schematic sketch of an insertion device, consisting of a magnetic array
which deflects the electrons on a sinusoidal trajectory; modified after [Wil96].

Undulators

For undulators the parameterK is �1. The angleα is small and the radiation of suc-
cessive periods adds up coherently. Interference leads to sharp peaks in the spectral
brilliance at

λn =
λ0

2nγ2

�
1+

K2

2
+ γ2φ2

�
n = 1;2; ::: (2.8)

whereφ is the angle to the undulator axis. The intensity is increased by a factor (2N)2

and on the axis (φ = 0) only the odd harmonics (n = 1,3,...) can be observed. The
spectral width of the peaks depends on the number of periods N:

∆λ
λ
� 1

nN
: (2.9)

The energy position of the harmonics can be tuned by changing the gap between the
magnetic poles. A reduction of the gap increases the magnetic field and the parameter
K, and shifts the peaks to smaller energies. Table 2.1 shows the characteristics of the
two undulators installed at the Nuclear Resonance Beamline ID18. Undulator 1 is used
for nuclear scattering experiments with the57Fe resonance.
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Undulator 1 Undulator 2
periodλ0 2.28 cm 3.4 cm

magnetic field B0 0.12 T 0.16 T
undulator parameter K 0.256 0.857

energy 14.4 keV 6..8/21.5..27 keV
power (100 mA) 0.05 kW 0.28 kW

source size (h x v) 812 x 54µm2 812 x 54µm2

divergence (h x v) 28 x 4µrad 28 x 4µrad
beam size @30 m (h x v) 1.8 x 0.6 mm2 1.8 x 0.5 mm2

Table 2.1: Characteristics of undulators at the Nuclear Resonance Beamline ID18 at
ESRF [ESR97].

2.3 Properties of Synchrotron Radiation

The important properties of SR with respect to NRS experiments are summarized be-
low:

� time structure:
The energy loss of the particles in a storage ring is compensated in radio fre-
quency cavities. Since only particles with the right phase relative to the radio
frequencyνrf are re-accelerated, they are grouped together in bunches. Depend-
ing on the operation mode at the ESRF storage ring (circumference l = 844 m,
νrf = 352 MHz), the time window between two adjacent bunches (i.e. two ra-
diation pulses) ranges from 2.8µs (= l/c) with only one single bunch to 2.8 ns
(= 1/νr f ) for complete filling. The nuclear scattering experiments discussed in
this thesis are mostly performed during 16-bunch-mode with a time window of
176 ns. The pulse duration is 20 ps for bending magnets and 100 ps for insertion
devices [ESR92].

� high brilliance:
The intense laser-like collimated beam of undulators results in short data accu-
mulation times even in high pressure experiments, where only very small sample
amounts (about 1µg at 100 GPa) are available.

� polarization:
SR is 100% linearly polarized in the plane of the storage ring. This feature
allows the excitation of certain nuclear sublevels in NRS, when the orientation
of internal hyperfine fields is well defined (e.g. for a magnetic sample in an
external magnetic field as discussed in chapter 3.2.5).
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� broad energy distribution:
The broad energy distribution of SR from the infrared to the hard x-ray re-
gion allows a wide range of energy tunability using appropriate undulators and
monochromators. This tunability is essential for NRS experiments on two differ-
ent energy scales. First, by variation over several keV, the resonance energies of
many different nuclei can be provided. Second, the tunability in the meV range
around a nuclear resonance has opened up the new spectroscopic branch of Nu-
clear Inelastic Scattering which enables the investigation of lattice dynamics.
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Chapter 3

Nuclear Resonant Scattering

In this chapter a survey of Nuclear Resonant Scattering techniques is given, consid-
ering both elastic Nuclear Forward Scattering (NFS), the analogue of conventional
Mössbauer Spectroscopy, and Nuclear Inelastic Scattering (NIS) for the study of lattice
dynamics. We start with a few remarks on57Fe and classical Mössbauer Spectroscopy.

3.1 Fundamentals

3.1.1 The57Fe Nucleus

The probe for Nuclear Resonant Scattering (NRS) experiments in this thesis is the57Fe
nucleus with a natural abundance of 2%. The nuclear level scheme is shown in figure
3.1.

The nuclear level with spin I = 3/2 has an excitation energy Eγ = 14.413 keV and a
relatively long lifetimeτ0 of 141 ns. The transition to the ground state can proceed by

1/2-

12.7 ns

141 ns
3/2 14.413 keV

5/2 136.46 keV
57

Fe:

-

-

Figure 3.1: Energy level scheme for57Fe. The nuclear spin I is marked on the left, the
energy relative to the ground state on the right.
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the emission of a photon with energy Eγ or an internal conversion process, in which
the excitation energy is transferred to a shell electron (mostly from the K-shell). Since
Eγ is larger than the binding energy (7.11 keV for the K-shell), the electron is removed
from the atomic shell and triggers a cascade of fluorescence radiation, mainly Kα with
6.4 keV and Kβ with 7.1 keV (relative weight Kα/Kβ � 7 [Sco74]). The ratio of con-
version processes to directγ-transitions for57Fe isα = 8:2. The linewidthΓ0 of the
transition isΓ0 = 4.7 neV.

When built into a solid crystal, the nucleus interacts with its electric and magnetic
surrounding. Thesehyperfine interactions lead to a shift and/or splitting of the nuclear
levels. The type and size of hyperfine interactions yield information about structural
and magnetic properties of the investigated sample (see e.g. [Gib76]).

The rest of the chapter will show that this information is obtained in very different
ways, depending on the type of radiation source, which is used for excitation of the
nuclear levels.

3.1.2 Mössbauer Spectroscopy

In conventional Mössbauer Spectroscopy (MS), nuclear levels are excited with radioac-
tive sources, which emit a resonant photon with energyEγ after a preceding nuclear
decay. Since the transitions in source and absorber have approximately the same small
linewidthΓ0, a recoil during the emission and/or absorption process makes resonance
fluorescence1 impossible:

recoil energyER = p2=2m = E2
γ =2mc2� 2meV � Γ0 (3.1)

The effect of recoilless nuclear resonance fluorescence in solids was first discovered in
191Ir by Rudolf Mössbauer [Mös58a]: if the nucleus is bound in a crystalline structure,
the solid as a whole can take up the recoil momentum leading to a negligible recoil
energy. The probability for such a process increases at lower temperatures and is given
by the so-called Lamb-Mössbauer factorfLM .

Soon after this discovery, it was shown that theMössbauer Effect can provide a pow-
erful spectroscopic tool [Mös58b]: based on an idea of Moon [Moo51], the relative
velocity v between radioactive source and sample is varied inducing a Doppler shift
ED = (v=c)Eγ between the corresponding resonance energies. A detector behind the
sample measures the transmission as a function of the Doppler shift (see figure 3.2).
The resulting energy spectrum gives information on the nuclear level splitting in the
sample. For57Fe, with energy splittings smaller than 500 neV, the necessary peak ve-
locities of 10 mm/s are easily accessible. The importance of iron in many scientific
branches and the large Lamb-Mössbauer factor even at high temperatures (fLM � 0:8

1Excitation of a nuclear level with a photon resulting from the de-excitation of a nuclear level of the
same kind.
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Figure 3.2: Principle of conventional Mössbauer spectroscopy.

at 300 K) have ensured that57Fe is the most commonly used isotope for MS. As an ex-
ample, figure 3.3 shows the Mössbauer spectrum ofα-iron at ambient conditions. The
typical six line pattern is due to Zeeman splitting of the nuclear levels in a magnetic
hyperfine field of 33 T.
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Figure 3.3: Conventional Mössbauer spectrum ofα-iron at ambient conditions. The
relative energy between source and absorber is given in mm/s (1 mm/s = 48 neV). The
source was57Co in a rhodium matrix.

3.1.3 Excitation of Nuclei with Conventional X-ray Sources

The observation of nuclear resonance excitation with conventional (= non-radioactive)
x-ray sources is extremely difficult. The reason is the large linewidth of such sources:
even with a highly sophisticated crystal monochromator the linewidth of the excitation
(� 1 meV ) exceeds the width of the nuclear resonance by more than 5 orders-of-
magnitude. A normal transmission experiment like in MS is impossible. The reso-
nant absorption process can be verified only by the detection of the re-emitted photon.
For the joint treatment of absorption and subsequent re-emission, the description shifts
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to a scattering point of view, where the time constant of the scattering is determined
by the lifetimeτ0 of the excited state. The Lamb-Mössbauer factorfLM denotes the
probability of elastic scattering without recoil.

Scattering Geometry

In a real scattering experiment, an ensemble of nuclei is involved, resulting in a super-
position of different scattering responses. The scattering characteristics depend very
much on the phase relationship between these different contributions. In the absence
of a constant phase in space, one obtainsincoherent scattering, which is randomly dis-
tributed in all directions (in 4π solid angle). This behaviour occurs e.g. in all inelastic
scattering events, where the creation or annihilation of a phonon is involved. Internal
conversion leads also to incoherent scattering.Coherence (= constant relative phase)
between different nuclei is obtained for elastically scattered photons and the respective
phase shift∆ϕ depends on the spatial arrangement of the particles and the scattering
geometry. The superposition leads to constructive interference for forward scattering
(∆ϕ = 0) and for scattering from single crystals under a Bragg angle (∆ϕ = n �2π). In
every other direction the scattering responses cancel out.

However, the detection of nuclear fluorescence radiation is extremely hampered by the
huge amount of electronic non-resonant scattering, caused by the linewidth mismatch
between source radiation and nuclear resonance. Two ways to solve this problem were
proposed already in 1962 by Seppi and Boehm [SB62]:

� "The use of a very intense x-ray source with improved energy resolution due to
monochromatization with high-index reflections.

� The background problem might be solved by taking advantage of the instanta-
neous character of atomic (= non-resonant) scattering as compared to the rel-
atively long lifetime of the nuclear excited states. Through the use of a pulsed
X-ray beam and a properly gated detector it should be possible to observe only
nuclear excitation events in the sample."

The technical realization of these suggestions was far beyond the scope of that time. It
was not until the beginning of the nineties that the combination of high-resolution
monochromators (∆E = 5 meV ) and x-ray detectors with sufficient time resolution
(� 1 ns) and dynamic range (>105) led to the first observation of Nuclear Reso-
nant Scattering in the forward direction [HSB91]. Before that, S. Ruby [Rub74] first
proposed the use of synchrotron radiation for such experiments and E. Gerdau et al.
[GRW85] had performed the first Nuclear Resonant Scattering experiments with SR
under a Bragg angle. The Gerdau group used an electronically forbidden reflection of
an Yttrium Iron Garnet single crystal to suppress the non-resonant scattering. How-
ever, the rapid development of NRS for hyperfine spectroscopy is connected with the
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utilization of powder samples in forward scattering experiments. The special prop-
erties of SR open up a variety of new possibilities. For the extreme conditions of a
high-pressure experiment, the high brilliance of synchrotron radiation is especially ad-
vantageous when compared to radioactive sources, which emit their radiation in 4π
solid angle.

3.2 Nuclear Forward Scattering

The principle of NFS is presented in figure 3.4. In the 16-bunch mode at ESRF (see
chapter 2) a synchrotron pulse of 100 ps length strikes the sample every 176 ns. The
countrate after the high-resolution monochromator (HRM) is about 109 Hz in a band-
width of 5 meV. A few ns after the excitation, when all electronic scattering processes
(time constant 10�15 s) are completed, the detector starts to count nuclear resonant
events as a function of time after excitation (� 100 Hz).

For the hypothetical time spectrum of an isolated57Fe nucleus, a simple exponential
decay∝ exp(�t=τ0) is expected with the lifetimeτ0 as time constant. This is indi-
cated by the straight line in the logarithmic scale in figure 3.4. However, NFS of an
ensemble of nuclei is a collective effect and the influence of coherence is reflected by
a modulation of the time spectra.

SR
Fast detector

sample (57Fe)

log I

time
176 ns

(16 bunch mode)

nonresonant events
(1 GHz)

delayed events
(100 Hz)

mono

Figure 3.4: Principle of Nuclear Forward Scattering, showing the schematic set-up at
the top and a simplified time spectrum at the bottom of the figure.
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The two main coherence effects are (more details in sections 3.2.2 and 3.2.3):

� Speed-up of the exponential decay:With increasing number of57Fe nuclei,
the probability for multiple scattering increases, resulting in a speed-up of the
exponential decay.

� Quantum beats: In case of a hyperfine splitting of the nuclear levels, all pos-
sible transitions are excited by the broadband synchrotron pulse. The interfer-
ence of the re-emitted radiation components with different resonance frequencies
leads to beats in the time spectrum, which are determined by the level splitting.

3.2.1 Mathematical Treatment

The interaction of radiation with matter can be treated very generally with the concept
of a complex index of refraction ˜n(ω). Considering the solution of the wave equation in
a dispersive medium, the amplitudeEtr of an electromagnetic wave transmitted through
such a medium of thicknessd is related to the incident waveEi by

Etr(ω) = e� i ñ(ω) k d Ei(ω); (3.2)

wherek is the wave vector in vacuum andω the photon frequency. In case of a scalar
index of refraction, ˜n(ω) can be expressed by the nuclear scattering amplitudef (ω)
for elastic nuclear scattering [Jac75]:

ñ(ω) =
r

1+
4π
k2 ηs f (ω) � 1+

2π
k2 ηs f (ω): (3.3)

Hereηs denotes the volume density of elastic scatterers andf the nuclear scattering
amplitude. The approximation in equation 3.3 is valid in the x-ray region, because
ñ(ω) differs not very much from 1. Analogously to the case of atomic scattering, the
nuclear scattering amplitudef can be decomposed into a non-resonant Thomson term
f0 and a resonant contributionf 0 + i f 00 called anomalous scattering with real and
imaginary part [HT94]. For nuclear scattering the Thomson term is proportional to
Z e2=mpc2, involving the large proton massmp; it is therefore negligible.

The resonant term for a single nuclear resonance is given by [Smi96]:

f (ω) = � k
8π

σ0
Γ0

h̄ (ω�ω0)� iΓ0=2
(3.4)

= � k
8π

σ0
x

x2+1=4| {z }
f 0

+ i
k

8π
σ0

�1=2
x2+1=4| {z }
f 00

(3.5)

with x =
h̄ (ω�ω0)

Γ0
; σ0 =

2π
k2

1
(1+α)

2Ie +1
2Ig+1

:
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Figure 3.5: Real f 0 and imaginaryf 00 part of the nuclear scattering amplitude for57Fe
in units of the classical electron radiusre = 2:82�10�15m. For the graph,fLM is taken
as unity.

The maximum resonance cross sectionσ0 contains the conversion coefficientα and
the nuclear spinsIg and Ie of the ground and excited states, respectively. Since the
resonant wave length (� 1 Å) is large compared with the size of the nuclei, the angular
dependence of the nuclear scattering amplitude is very weak. Hence, we can take
f in equation 3.4 as the forward scattering amplitude with a very sharp frequency
dependence. Combining equations 3.2 and 3.3, the transmitted waveEtr can be written
as2

Etr(ω) = exp(� i k d) exp(� iληs d f (ω)) Ei(ω) (3.6)

= exp(� i k d) exp(� iληs d f 0(ω))| {z }
phase shift

exp(ληs d f 00(ω))| {z }
attenuation

Ei(ω): (3.7)

The first exponential term on the right-hand side accounts for the phase shift of the
unperturbed wave after travelling the distance d. Modifications of the incident wave
are due to forward scattering: while the real partf 0 of the scattering amplitude causes
a frequency dependent phase shift, the imaginary partf 00 determines the attenuation.
Figure 3.5 showsf 0 and f 00 in units of the classical electron radiusre.

Exactly at resonance, the attenuation reaches a maximum whereas the phase shift is
zero. The maximum values off 0 and f 00 are almost two orders-of-magnitude larger
than the electronic scattering factor, which can be estimated asZ � re with Z = 26 for
the number of electrons in an iron atom. Far off resonance,f 0 drops in value according
to E�1 and is large in comparison tof 00, which drops according toE�2.

2Here and in the following equations forEtr, the electronic attenuation term exp(�µe d=2) is omitted
for clarity, because it shows no time or frequency dependence in the investigated energy band.
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So far, we treated only the transmitted wave amplitudeEtr(ω). The finally measured
physical quantity is the transmitted intensityItr. As mentioned in chapter 3.1.2, con-
ventional MS monitors the transmitted intensity for varying photon energies. This can
be obtained from equation 3.7 by taking the square modulus:

Itr(ω) = jEtrj2 = exp(2ληs d f 00(ω)) Ii(ω) (3.8)

= exp

�
� ηs d σ0 fLM=4

x2+1=4

�
Ii(ω) (3.9)

= exp

�
� χ=4

x2+1=4

�
Ii(ω) (3.10)

with χ = ηs d σ0 fLM (3.11)

χ is calledeffective thickness. Exactly at resonance (x = 0) the transmitted intensity
is Itr(ω0) = exp(�χ ) Ii(ω0). 3 The information about the real part of the scattering
amplitude is lost in a conventional Mössbauer experiment. An increasing thickness
χ broadens the Lorentzian shape (given forχ < 1 using the approximation exp(z) �
(1+ z)) of an absorption line to a more complicated shape4 according to equation 3.10.
In the presence of several nuclear resonances due to hyperfine splittings, the overall
absorption is obtained from the superposition of the absorption effects of the single
resonances considering the respective transition intensities.

The effect of a large effective thicknessχ and a multiple nuclear resonance on the NFS
spectra will be discussed in the next two sections.

3.2.2 Speed-up of the Exponential Decay

In a NFS experiment the incident radiation is a short synchrotron radiation pulse, which
has a uniform amplitude distribution within the energy band selected by the HRM:
Ei(ω; t) = E0 � exp(iω t). We get the frequency-dependent transmitted wave by insert-
ing this relation into equation 3.7 and substitutingχ from equation 3.11:

Etr(ω) = E0 exp(i (ω t� k d)) exp

�
i

xχ=4
x2+1=4

�
exp

�
� χ=8

x2+1=4

�
(3.12)

= Ei(ω) + Ef s(ω) (3.13)

3The definition ofχ in equation 3.11 is commonly used in conventional MS and has its origin in
this relation. In the literature on NFS (e.g. [HSB91], [BSH92]), the effective thickness is defined as
χ=4, which gives a simpler presentation of most of the formulas on NFS as we will see later in equation
3.12. However, the priority is on the side of MS and for easier comparison we will use the introduced
definition 3.11 for both spectroscopies.

4The actually measured transmission spectrum in MS arises from the folding with the line shape of
the source.
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The transmitted waveEtr can be regarded as a superposition of the incident waveEi

and the forward scattered waveEf s. However, in the frequency domain these two
components can not be decomposed experimentally. To obtain the time-dependent
representation ofEtr we have to integrate over all frequency components in equation
3.12. From a mathematical point of view this is a complex Fourier transformation. The
result can be expressed in the form [KAK79]

Etr(τ) ∝
�
∆(τ) � exp

�
iω0 τ τ0�

τ
2

� χ
2

J1(
pχτ)
pχτ

�
; (3.14)

whereτ is the time in units of the nuclear lifetimeτ0 andJ1 is the first-order Bessel
function. The influence of the incident amplitudeEi is reflected by theδ-function at
τ= 0 which can be separated from the delayed nuclear scattering atτ> 0. Taking the
square of the modulus leads to the time dependent intensity (forτ> 0):

Itr(τ) ∝ exp(�τ) χ
τ

J2
1(
p
χτ): (3.15)

For thin samples with smallχ or during a short time after excitation, this expression
can be approximated by [BSH92]

Itr(τ) ∝ χ2 exp[�(1+ χ=4)τ ]: (3.16)

This equation describes an exponential decay with an accelerated decay rate(1+χ=4),
which leads to the so-calledspeed-up (see figure 3.6). Whereas the absorption effect
in conventional MS increases withχ (see equation 3.10), the time-dependent NFS
intensity for thin samples is proportional toχ2. This enhanced sensitivity of nuclear
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Figure 3.6: Calculated NFS spectra for different sample thickness according to equation
3.15. The thin sample withχ = 1 gives an exponential decay represented by a straight
line in a logarithmic scale. For sample thicknesses ofχ= 10 andχ= 20 dynamical beat
modulations are visible, with the first minimum shifted to earlier times forχ= 20.
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scattering was shown experimentally in investigations of surface structures containing
down to one monolayer of57Fe [NMR98].

For thick samples, equation 3.16 is not a valid approximation and the time dependence
shows beat modulations according to the Bessel function with larger separation of the
minima at later times.

The exact positions of the minima are determined by the zero points ofJ1(
pχτ) and

the first minimumt1 is related to the effective thicknessχ byp
χ t1=τ0 � 3:8 ) t1 � χ � 2040 ns (3.17)

3.2.3 Quantum Beats

So far, we have considered a single resonance line with degenerated nuclear levels. In
the presence of hyperfine interactions, the degeneracy is removed and several nuclear
resonances can occur. According to the type of nuclear transition (M1 for57Fe) the
particular transitions have different polarization properties and the nuclear scattering
amplitude must be written in matrix form [Smi96]:

�
fs;s0(ω)

�
s;s0

= const.�∑
j

Γ0

h̄ (ω�ω0; j)� iΓ0=2
G2

(mg;me; j) Ps;s0( j) (3.18)

whereω0; j denotes the resonance frequency of transitionj. The square of the Clebsch-
Gordon coefficientsG provides the probability of the respective transition which de-
pends on the magnetic quantum numbersmg andme of the ground and excited states.
Ps;s0 is the polarization factor for the polarization state of incident radiation (s) and
forward scattered radiation (s0). As shown by U. Bergmann, the formalism with a
complex index of refraction (see equations 3.2 and 3.3) can be extended to scattering
amplitudes in matrix form [Ber94].

In the following the simplified case of two resonance lines with the same probability
and polarization is discussed. When the energy separation∆Eh f = h̄ ∆ω between the
two lines is large compared to their effective width, the resulting time spectrum is well
approximated by multiplying the single-line pattern by acos2 term representing the
interference of the two lines [Smi96]:

Itr(t) ∝ exp(�τ) χ
τ

J2
1(
p

0:5�χτ) cos2
�
∆ω
2

t +
χΓ0

8∆E

�
(3.19)

The first term in the argument of cos2 describes thequantum beat modulation deter-
mined by the line splitting. The beating periodTqb is given by

Tqb =
2π
∆ω

=
880 ns

∆Eh f [Γ0]
=

86 ns
∆Eh f [mm=s]

(3.20)
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The second term in the argument of cos2 reflects the influence of the interaction be-
tween the two transitions. It depends onχ and∆Eh f , and causes a small shift∆ tqb of
the quantum beats to shorter times:

∆ tqb =
χ

(∆Eh f [Γ0])
2 � 35 ns=

χ
(∆Eh f [mm=s])2

� 0:34 ns (3.21)

According to equation 3.19 the resulting time spectrum for the two-line case is a multi-
plicative combination of Bessel beats and quantum beats. The Bessel beat modulation
for this case is the same as for the single-line case if the sample is twice as thick (i.e.
when it has the same effective thickness per resonance line). This is demonstrated in
figure 3.7, where the time spectrum of a single resonance withχ= 10 forms the enve-
lope of a quantum beat pattern originating from a splitting of 1 mm/s andχ= 20. The
first half period is shortened by 6.8 ns, the time shift given in equation 3.21 forχ= 20.

As the effective thickness gets larger, the approximation 3.19 fails due to the increas-
ing overlap between the tails of the two lines, causing the lines to become strongly
asymmetric [BSH92]. In this regime, the NFS spectrum can be calculated by numer-
ical computation of the Fourier transform of equation 3.7 using the modified nuclear
scattering factor of equation 3.18.
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Figure 3.7: Calculated NFS spectrum for a hyperfine splitting of∆Eh f = 1 mm/s (solid
line) andχ= 20 according to equation 3.19. The period of the quantum beat modulation
is 86 ns. The dashed line indicates the spectrum for the single-line case withχ= 10.
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3.2.4 Coherence

As seen in the last section, the interference of two (or more) different nuclear scattering
amplitudesA andB can lead to quantum beat modulations in the forward scattered
intensity

I = A2
+B2

+2AB cos(∆ω t� ∆ϕ) : (3.22)

However, modulations of the time spectra due to interference effects occur only if the
scattering components have a constant phase difference∆ϕ in time and space (temporal
and spatial coherence). Otherwise the interference term cancels out andI is just the
sum of the two intensitiesA2 andB2.

The requirement for temporal coherence is fulfilled, when the width of the SR pulse
tSR is small compared to both the lifetimeτ0 of the excited state and the beat period
Tqb. This yields a well-defined time zero for all excitation processes. Both conditions
are fulfilled for 57Fe (tSR � 100ps;τ0 = 141ns;∆Eh f < 10mm=s ) Tqb > 8ns). If
two hyperfine transitions belong to the same single nucleus with a split excited state,
spatial coherence is not necessary and temporal coherence alone can result in beat
modulations. The observation of suchsingle-nucleus quantum beats in NFS was first
reported by [BCR96]. It gives information on the excited-state splitting only and does
not require recoilless scattering.5

However, the full information about both excited and ground state splittings can be
extracted only if the interference of transitions from different nuclei is included. This
requires spatial coherence of an ensemble of nuclei and therefore elastic (recoilless)
scattering. Depending on the kind of separation of elastic scatterers parallelor perpen-
dicular to the beam propagation direction, one can distinguish between longitudinal
and transverse coherence, respectively.

longitudinal coherence:
In NFS the phase shift between two scatterers, lying "behind each other" in the beam
propagation direction, is zero: the geometrical phase differencekx, due to their dis-
tancex, is compensated by the temporal phaseω t, caused by the timet, the wave field
needs to propagate between the two scatterers in vacuum:ω t = kct = kx.

transverse coherence:
When two scatterers are separated perpendicular to the beam direction, a geometrical
phase difference∆ϕ has to be considered. It is determined by the length difference∆l
between the scattering paths from a source pointzs to a detector pointzd , as shown in
figure 3.8. Since the phase difference∆ϕ= k∆l varies for different detector and source
points, the integration over the full source and detector size leads to a blurring of a

5Quantum beats following the excitation of single nuclei are well known from time-dependent per-
turbed angular correlation (TDPAC) experiments [SH72]. In TDPAC the nuclear sublevels are populated
by the decay of a radioactive parent state. The beats are then measured with a time reference set by ob-
serving the gamma photon from the parent state decay.
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Figure 3.8: Measuring geometry and transverse coherence for an example of two scatterers,
separated by a distanced.

quantum beat pattern. When the phase differences involved are larger than� π, the
beat pattern vanishes and the two scattering components add incoherently. Extending
this discussion, Baron et al. [BCG96, Bar99] calculated the phase differences for a
Gaussian distribution of source size (σ0) and detector size (σd). They defined an ef-
fective transverse coherence lengthLtr as the minimum transverse separation between
parts of the sample necessary to ensure that their responses add incoherently:

Ltr =
λ
2π

1
σt

; σ2
t =

�σ0

S

�2
+

�σd

D

�2
(3.23)

For a typical experiment at ESRF withS= 40m, D= 1m,σ0 = 50µm andσd = 0:5mm
the value ofLtr is dominated by the effect of a finite detector size:

σ0 = 50µm; σd = 0

σ0 = 50µm; σd = 0:5mm

! Ltr;source � 10µm source effect

! Ltr � 30nm total effect

The value given for the pure source effect is calculated for the ideal case of a point
detector (σd = 0) on the optical axis.

Summarizing the effects of longitudinal and transverse coherence on the NFS spec-
tra, it should be mentioned that coherent and incoherent superpositions of scattering
components can not be distinguished for completely homogenous samples. Inhomo-
geneities lead to a noticeable incoherent superposition, when parts of the sample with a
certain property (say "blue") are as large as the sample thickness in the beam direction
and separated from regions with property "red" by more thanLtr perpendicular to the
beam. An example for such an inhomogeneity was observed for metallic iron under
pressure. In the transition region of theα� ε phase transformation, the two crystallo-
graphic phases are spatially separated and produce a complex mixture of coherent and
incoherent behaviour [Grü97]. Incoherent superposition is also obtained for thickness
distributions in powder samples. Here the thickness varies on a length scale compara-
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ble to the grain size which is usually in the range ofµm and therefore much larger than
Ltr. The effect of these distributions on the NFS spectra is discussed in more detail in
chapter 5.2.3.

3.2.5 Examples

Figure 3.9 presents NFS spectra of non-magnetic stainless steel and magnetic iron, the
latter measured without and with an external polarizing field of 0.6 T. The three spectra
serve as a finger print for different magnetic states of iron atoms. For comparison, the
corresponding conventional Mössbauer spectra are shown in the right panel.

Figure 3.9: The left panel presents NFS spectra of (a) non-magnetic stainless steel (χ�
5) and (b,c) magneticα-iron (χ� 50). The dashed line in (a) indicates the natural decay
∝ exp(�t=τ0). Part (c) shows the time spectrum for a totally polarized iron foil in an
external field perpendicular to theσ-polarization and the direction of the incoming beam.
The corresponding Mössbauer spectra (schematic) are shown in the right panel. The
solid lines are fits made with the CONUSS program package [SG94].
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The time spectrum of the non-magnetic sample in figure 3.9a shows a straight line
which indicates a simple exponential decay. It is modified by thickness effects, re-
sulting in a speed-up of the collective nuclear decay compared to the natural decay
(dashed line). For magneticα-iron with random orientation of the quantization axis,
all 6 possible transitions between the 3/2 excited and 1/2 ground state are excited by the
broadband (meV) SR pulse. The corresponding decay spectrum in figure 3.9b shows
a complex modulation, arising from the superposition of all transition frequencies. It
is dominated by the beating of the two intense outer transition lines with an energy
difference of 10.7 mm/s (110Γ0), corresponding toTqb = 8ns.

The complex time spectrum of a non-polarized sample can be simplified, when the
polarization of the SR is exploited to select certain transition lines in a magnetically
aligned absorber. For the nuclear M1 transition in57Fe the polarization dependence
corresponds to a classical dipole oscillator: a linear magnetic dipole oscillation along
the quantization axis for∆m = 0 transitions and a right hand / left hand circular oscil-
lation about the quantization axis for∆m =+1 / ∆m =�1 transitions (see figure 3.10).
For the iron sample measured in figure 3.9c the axis of magnetization is parallel to the
~B vector of the incident SR, and only the two∆m = 0 transitions of the57Fe resonance
contribute to the NFS spectrum. The magnetic hyperfine field can be determined with
high accuracy from the periodic sequence of beats (hereBh f = 33T , ∆E = 6 mm/s and
Tqb � 14 ns), modified only by thickness effects (χ = 25/line), resulting in the present
case in a Bessel minimum at 85 ns. Since in the case of the magnetically polarized
absorber, the two∆m = 0 transitions belong to different ground and excited states (i.e.
different nuclei), the beating in the NFS spectrum demonstrates the spatial coherence
of the NFS process.
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Figure 3.10: M1 transition scheme of57Fe in the presence of a magnetic field acting
on the nucleus. The polarization properties for emission along the quantization axis
are marked below. For emission perpendicular to the quantization axis, the∆m = �1
transitions show linear polarization.
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3.2.6 Measurement of Isomer Shifts

It is obvious from the previous sections that only frequency differences can be mea-
sured with NFS. In contrast to a conventional Mössbauer source, the SR provides no
reference energy, relative to which the center of gravity of a transition line pattern can
be determined. However, information about the isomer shift can be obtained with NFS,
when an additional reference sample is placed in the beam. In this case, the nuclear
scattered photons of reference and investigated sample can interfere and the energy
difference of the two components can be extracted from the resulting beat pattern.
Consequently, the isomer shift is given relative to the employed reference sample. In
order to get simple beat patterns, a reference sample with a single-line transition should
be used.

An application of this method using the151Eu resonance (21.5 keV) is presented in
[PLS99] for a pressure-induced valence transition in EuNi2Ge2.
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3.3 Nuclear Inelastic Scattering

In the previous sections we focused on elastic (=recoil-free) scattering of resonant pho-
tons (E = Eγ) by an ensemble of nuclei. The corresponding probability was given by
the Lamb-Mössbauer factorfLM . Incident photons withE 6= Eγ were only treated with
respect to the non-resonant background they produce. However, Nuclear Resonant
Scattering is also possible for incident photons withE 6= Eγ; in this case the interac-
tion necessarily involves the recoil of a57Fe nucleus with energy transfer from or to
the crystal lattice in order to fulfil the resonance condition. This inelastic fraction of
nuclear scattering, which was considered as thelost part (1 - fLM) in conventional MS
and also in NFS, turned out to be the basis of a new spectroscopic tool for the study of
lattice dynamics.

The necessary condition for this new pathway is the energy-tunability of SR, which
gives the possibility to measure the energy dependence of Nuclear Inelastic Scattering
(NIS) over an energy range of�100 meV, which is covered by lattice vibrations. In
contrast to other methods like inelastic neutron, x-ray and Raman scattering, NIS does
not deal with phonon dispersion relations but, complementary to that, gives direct ac-
cess to the density of phonon states (DOS). This topic will be discussed in the next two
subsections.

3.3.1 Basic Features

The first NIS experiments were carried out in 1994 [SYK95, STA95]: The energyE
of an incoming SR beam is tuned about�100 meV around a nuclear resonance mon-
itoring the time-delayed inelastically scattered radiation. Since the inelastic scattering
process is spatially incoherent, the scattered photons are emitted in 4π solid angle
and can be detected perpendicular to the incident beam (inset of figure 3.11a). The
measured intensity depends on the probability that the energy of a phonon matches
the energyE �Eγ. The three main parts of a NIS spectrum are shown schematically
in figure 3.11a. The central peak involves no energy transfer to the lattice and con-
tains mostly fluorescence radiation after elastic absorption atE = Eγ. Photons with
E < Eγ can excite the nuclear resonance after annihilation of a phonon. The high-
energy sideband forE > Eγ corresponds to phonon creation. Figure 3.11b shows the
energy spectrum of elastic nuclear scattering, which is measured in forward direction.
Here, scattering appears only when the energy of incident radiation coincides with the
energy of the nuclear transition. The obtained data provide the instrumental function
of the high-resolution monochromator, because the width of the nuclear transition in
this scale is negligible. Furthermore, the peak gives a precise reference for the energy
position of the nuclear resonance.

As introduced in section 3.1.1 for57Fe, the scattered photons follow the de-excitation
of the nuclei via two different channels: the radiative channel with�11% probabil-
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Figure 3.11: a) The inset sketches the measuring geometry for a scattering experiment,
where a high-resolution monochromator (HRM) is tuned around the nuclear resonance.
The scattered intensity in forward direction (NFS) and perpendicular to the incoming
beam (NIS) is monitored as a function of energy relative toEγ. The plot in a) displays a
schematic NIS spectrum with elastic peak atE =Eγ and energy sidebands corresponding
to phonon creation forE > Eγ and phonon annihilation forE < Eγ. b) shows the inten-
sity of forward scattered radiation calculated for an instrumental function with Gaussian
shape and 5 meV FWHM.

ity and the internal conversion channel with 89% probability. Thus, the dominating
part of detected photons are products of internal conversion, mostly Fe-Kα x-rays with
6.4 keV.6 Therefore, the allowed momentum transfer is not specified by the experi-
mental set-up: The exact location of the detector relative to the incident beam does not
matter, because the angular distribution of the atomic emission is an entirely atomic
property and does not depend on the specific way of nuclear excitation. Phonons with
any momentum, which is allowed by the dispersion relations for a particular energy
transfer, contribute equally to NIS. Consequently, Nuclear Inelastic Scattering pro-
vides an ideal "momentum-integrated" tool for the study of lattice dynamics and does
not require single crystalline samples.

6In practice, the relative amount of detected fluorescence radiation is even higher, since the detector
efficiency is much better for 6.4 keV than for 14.4 keV (see section 4.1.2).
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The properties of NIS can be summarized as follows:

� NIS provides direct access to the phonon DOS. In contrast to coherent inelastic
neutron scattering [Squ78] no theoretical model has to be used (see also chapter
6.2). The experiments can be done with polycrystalline samples.

� NIS benefits from the large cross section of Nuclear Resonant Scattering, which
is in the case of57Fe about five orders-of-magnitude larger than the relevant neu-
tron cross section (σnuclear = 2:56�10�18cm2 andσneutron = 1:17�10�23cm2

[Squ78]). In combination with the small size of SR beams, this allows to study
very tiny samples (�1mg).

� NIS has as an intrinsic energy reference. The phonon-related energy transfer
is easily determined by the energy of the incident SR relative to the nuclear
resonance. An energy analysis of the scattered particle is not necessary.

� Since NIS is only sensitive to lattice vibrations where resonant nuclei are in-
volved, a partial phonon DOS of the sample is measured. This implies certain
limitations to the class of accessible materials but leads on the other hand to the
useful feature of isotope selectivity, which can simplify the data especially for
large molecules [KAO97].

� The background problem of other inelastic scattering techniques can be largely
overcome in NIS by the detection of time-delayed photons. Within the limit
of the detector background (10 mHz), every detected photon originates from a
nuclear scattering process. Like in NFS, this feature is especially valuable in
high-pressure experiments.

The extraction of the phonon DOS is discussed in the next subsection following [STA95,
CRB96, CS99].

3.3.2 Data Evaluation

The photons monitored in an NIS experiment follow a preceding nuclear absorption
process. According to [STA95] the measured intensityI(E) is proportional to the
absorption probabilityS(E) per unit of energy and to the effective numberηeff of 57Fe
nuclei in the sample7:

I(E) = const: �ηeff �S(E) with

∞Z

�∞

S(E)dE = 1: (3.24)

7In the following, the energyE is given relative toEγ.
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Assuming a quasi-harmonic lattice with well-defined phonon states,S(E) can be ex-
panded in terms of n-phonon contributions [STA95, SS60]:

S(E) = fLM δ(E)| {z }
Sel (E)

+ fLM

∞

∑
n=1

Sn(E)

| {z }
Sin (E)

; (3.25)

with the elastic partSel(E) and the inelastic partSin(E). The relative weight of the
inelastic part is (1-fLM). The phonon DOSg(E) is proportional to the single-phonon
term in the expansion 3.25 and the multiphonon contributionsSn(E) for n � 2 are
obtained by convolution ofSn�1(E) with S1(E):

S1(E) =
ER g(jEj)

E (1� e�E=kB T )
; (3.26)

Sn(E) =
1
n

∞Z

�∞

Sn�1(E� ε)S1(ε) dε ; n� 2: (3.27)

Since the ratio of the integrated n- and (n-1)-phonon terms is given by� ln fLM=n
[CR98], the multiphonon contribution (n� 2) for metallic iron with fLM � 0:8 is less
than 12% of the total inelastic part.

The different steps in the extraction ofg(E) from I(E) are demonstrated in figure 3.12
for the example of a Debye-like DOS (see chapter 6.2.1). The Debye temperatureΘD

was taken as 420K, resulting in a Lamb-Mössbauer factor of 0.8 at room temperature.
The spectrometer resolution was included by convolution with a Gaussian of 5 meV
FWHM.

1. In general,S(E) can not be calculated fromI(E) by a normalization of equa-
tion 3.24, since the effective number of resonant nucleiηeff is not constant over
the measured energy range. The reason for this is the sharp increase in atten-
uation of the incident SR at the nuclear resonance. The nuclear part of the
attenuation length for iron metal is 0:09µm at Eγ and 0.36 m in the sidebands
of a NIS spectrum, whereas the electronic part is constantly 20µm [STA95].
Therefore,ηeff strongly decreases atEγ and the ratio between the elastic peak
and the remaining spectrum is not well-defined. A possibility to solve this nor-
malization problem was provided by [STA95]. The procedure makes use of the
general property ofS(E), that the first moment

R
S(E)E dE is equal to the recoil

energyER of a free nucleus [Lip60, Lip95]. Since the damped elastic part of
I(E) is assumed to be symmetric aroundE = 0, it has no effect on the first mo-
ment and hence the inelastic (n-phonon) part ofI(E) can be normalized correctly
() Inorm(E) in figure 3.12):
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Figure 3.12: 1) Simulated NIS spectrum for an ideal Debye solid withΘD = 420K =

36meV=kB. The inelastic part is normalized using a sum rule of Lipkin [Lip60, Lip95].
2) After removal of the elastic peak, the remaining inelastic part is the sum∑Sn(E) of
single- and multi-phonon contributions. Integration of this spectrum gives 1� f LM. 3)
The multi-phonon contributionsSn(E) for n � 2 can be separated by a recursive proce-
dure according to equations (3.25) and (3.27). 4) The phonon DOSg(jEj), convoluted
with the Gaussian resolution function, can be extracted fromS1(E)with equation (3.26).
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CCCCCA
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) Inorm(E) =
ER

∞R
�∞

I(E)E dE
I(E) (3.28)

2. After adjusting and removing the elastic peak, the resulting spectrum is equiv-
alent to the n-phonon partSin(E) of the absorption probability. The integration
gives directly the recoil fraction 1� fLM (see equation 3.25). Consequently,fLM

can be determined without any knowledge about the number of57Fe nuclei in the
sample. In conventional MS and NFS, the recoil-free fractionfLM is contained
in the effective thicknessχ (see equation 3.11) and can be determined only with
specific information aboutηeff.

3. Sin(E) is decomposed into the different n-phonon contributionsSn(E) (n=1,2,...)
with an iterative procedure [STA95], shown in the flow diagram in figure 3.13:
the iteration is started with a first approximationS0

1 � Sin= fLM using the value
for fLM from the above mentioned integration. ThenS02 is calculated with equa-
tion 3.27 and subtracted fromS01 to get the next approximationS00

1. This newS001
is used to calculate the contributionsS002 andS003. For every further iteration stepn,

the subtraction of the multi-phonon termsS(n�1)
i from the initial approximation

S0

1 leads to a new set ofS(n). This procedure has to be repeated untilS(n)n+1 gets
negligible small.

4. Finally, the phonon DOSg(E) can be calculated from the obtainedS1(E) with
equation 3.26.
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Figure 3.13: Flow diagram of the recursive procedure to extract the different multi-
phonon contributions from the normalize inelastic spectrumSin. The procedure is fin-

ished, when the last multi-phonon partS(n)
n+1 becomes negligible. The "(*)" sign stands

for the application of equation 3.27.

Using the Bose occupation factornB(E;T ) = 1=(exp(E=kB T )�1), equation 3.26 for
the single-phonon termS1(E) can be rewritten:

E < 0 : S1(E) = ER
g(jEj)
jEj nB(E;T ) phonon annihilation; (3.29)

E > 0 : S1(E) = ER
g(jEj)
jEj (nB(E;T )+1) phonon creation: (3.30)

Thus, the annihilation part of the NIS spectrum is proportional to the occupation of the
phonon statesnB(E;T ) and vanishes at low temperatures. The creation part is propor-
tional to (nB(E;T )+1) and remains finite even atT = 0 leading to a recoilless fraction
fLM(T = 0) 6= 1. An incident x-ray photon can gain energy only from an existing
phonon, whereas an energy loss is possible via two ways: increasing the energy of
an existing phonon or creating a new one. The intensity ratio between the high- and
low-energy sideband of an NIS spectrum is

nB(E;T )+1
nB(E;T )

= e jEj=kB T : (3.31)
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Chapter 4

Experimental Details

This chapter presents some experimental and technical details about Nuclear Resonant
Scattering under pressure. The first section introduces the Nuclear Resonance Beam-
line at ESRF including a short description of its main components. The second section
gives a detailed presentation of the high-pressure technique, which was developed as a
part of this thesis.

4.1 Nuclear Resonance Beamline at ESRF

The principle set-up of the Nuclear Resonance Beamline ID18 at ESRF is shown in fig-
ure 4.1. For experiments with the57Feresonance, the 6 GeV electron storage ring was
operated in 16-bunch mode providing a time window of 176 ns between the bunches.
The bunch purity, defined as the relative amount of photons from spurious bunches, is
better than 10�9. The synchrotron radiation (SR) from an undulator is tuned with its
first harmonic to 14.4 keV. The radiation bandwidth of 300 eV is monochromatized by
a high-heat-load Si(1 1 1) double crystal monochromator (PM) down to a bandwidth
of 3 eV and then further to about 5 meV by a "nested" high-resolution monochromator
(HRM, see subsection 4.1.1). During these monochromatization steps the total flux is
reduced from 1014 Hz to about 109 Hz. This beam was used to excite the 14.413 keV
levels of the57Fe nuclei in the absorber, schematically shown in figure 4.1 within a
diamond-anvil cell (DAC).

In a NFS experiment the detector, an avalanche photo diode (APD, see subsection
4.1.2) behind the sample measures the nuclear scattered intensity of SR as a function
of time after excitation. The time-mode detection allows an easy discrimination against
electronically scattered radiation, which exceeds the nuclear scattering by a factor of
105 but occurs almost instantaneously within the width of the SR bunches (100 ps).

For a NIS experiment the HRM is tuned around the nuclear resonance monitoring
the intensity of Fe-Kα x-ray fluorescence (6.4 keV) following the de-excitation of nu-
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Figure 4.1: Schematic set-up of the Nuclear Resonance Beamline ID18 at ESRF. SR
source with storage ring and undulator, PM: pre-monochromator, HRM: high-resolution
monochromator, DAC: diamond-anvil cell, APD: avalanche photo diode as fast detector
for NFS and NIS. The corresponding energy bands and estimated SR flux are denoted
below. Downstream of the sample these specifications are given separately for prompt
and delayed (i.e. nuclear scattered) photons.

clei after internal conversion. The corresponding APD is placed perpendicular to the
incident beam and close to the sample in order to cover a large solid angle. After feasi-
bility studies with NIS under high pressure at the Nuclear Resonance Beamline ID18,
the data with highest quality was obtained at the ESRF beamline ID22. This beam-
line can be used as a second station for nuclear scattering experiments since 1998.1

The principle set-up is the same as at ID18 in figure 4.1. During our experiments at
ID22, a second 1.5 m undulator was operated at 14.4 keV. However, the main step
from the stage of feasibility studies to accurate measurements on a 0.5µg sample up
to 42 GPa was made possible by the use of focusing elements in the beamline optics to
concentrate the incident flux on the small sample dimensions.

The key components of the set-up: the high-resolution monochromator, the fast detec-
tors and the focusing elements are discussed in the next subsections.

1The operation of ID22 for nuclear scattering experiments is limited to periods with special timing
modes like 16-bunch mode. For most time of the year it is used for experiments with micro-focusing,
-imaging and -diffraction [ESR97].
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4.1.1 High-Resolution Monochromator

The task of the HRM is to reduce the energy resolution of the incoming SR to a small
bandwidth of�5 meV around the nuclear resonance. This can be achieved with a large
Bragg angleΘB of a crystal reflection (h k l). According to Bragg’s law

2d sinΘB = nλ ; (4.1)

a given variation∆Θ around a large value ofΘB leads to a minimum variation∆λ in
energy. Ford = a=

p
h2+ k2+ l2 with silicon (a = 5.43 Å) and57Fe (λ = 0.86 Å),

the largest possible value isΘB = 80:4� for the Si(9 7 5) reflection. Usually, such
high-index reflections have a small angular acceptance. This small acceptance can be
adapted to the divergence of the incoming beam by an additional asymmetric reflection.
The corresponding "nested" set-up of a HRM was first proposed by Ishikawa et al.
[IYI92] and is shown in figure 4.2 for a HRM used at ESRF. The combination of two
Si(9 7 5) and two Si(4 2 2) reflections leads to an energy resolution of 4.4 meV. A
second nested HRM at ESRF is operated with the combination Si(12 2 2)/Si(4 2 2) and
has an energy resolution of about 6.4 meV.

Si (9 7 5)
b = -1Si (9 7 5)

b = -1

Si (4 2 2)
b = -10

Si (4 2 2)
b = -0.1

�E = 4.4 meV

Figure 4.2: Set-up of a high-resolution monochromator with "nested" design. The two
high-resolution Si (9 7 5) crystals are placed between two asymmetric Si(4 2 2) crystals,
which adapt the emittance of the incident SR beam to the small angular acceptance of
the inner crystals. The asymmetry parameter b is defined asb = �sinΘin=sinΘout with
the angleΘin (Θout) between the incoming (outgoing) beam and the crystal surface.

4.1.2 Fast Detectors

The detector system in a nuclear scattering experiment has to meet severe demands.
Even with a HRM, the total flux in a high-pressure NFS experiment is in the MHz
range, whereas the delayed count rate may be as low as 1 Hz or less. The detector
needs to have a good time resolution (nanoseconds) and quantum efficiency, low noise
and a high dynamic range. The first NFS measurements were performed with scintillat-
ing crystals [HSB91] but since 1994 silicon-based avalanche photodiodes (APD’s) are
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most commonly used. The reason for their success is the high dynamic range (>106) at
very low background rates of 0.01 Hz. The time resolution is better than 1 ns. With an
active area of 10x10mm2 the quantum efficiency is about 12% at 14.4 keV and 90%
at 6.4 keV. More details can be found in [Kis91, BR94, Bar95].

4.1.3 Focusing Elements

The two kinds of focusing elements which were used for the NIS experiments are
briefly discussed in the next two subsections. With the combined use of these elements
a flux of 3�109 Hz on a spot size of 100µm�100µm was achieved.

Compound Refractive Lens (CRL)
In general, lenses for electromagnetic radiation in the x-ray regime (E > 10 keV) are
difficult to realize, since the index of refractionn = 1�δ for these energies varies not
much from unity. Consequently, the achievable focal lengthf for a single refracting
device is rather large. A new approach [SKS96] is to stack several single lenses to a
so-called compound refractive lens (CRL) to obtain focal lengths in a reasonable range
of 1-10 m. The principle set-up of a CRL is shown in figure 4.3. Sincen is smaller than
unity, one has to use a concave shape of the lens to obtain a focusing property.2 For
a single lens (upper part of the figure), the focal length isf1 = R=2δ, whenR denotes
the radius of curvature. For typical values ofR = 0:2 mm andδ = 1:63�10�6 (Be
at 14.4 keV) the focal length isf1 � 60 m. WhenN lenses are stacked behind each
other (N=number of holes in the lower part of the figure), the focal length is reduced
to fN = R=2δN; a typical value isf30 = 2 m for N = 30.

Since the focusing of SR is equivalent to the imaging of a SR source, it is governed
by the well-known Gaussian lens formula 1= f = 1=ds +1=di, whereds anddi are the
distances from the lens (focal lengthf ) to the source and to the image, respectively.
The geometrical demagnificationm = di=ds is determined byds and f : m = f=(ds�
f ).

Besides the focal length, an important and inherent property of CRL’s is the photoab-
sorption of SR by the lens material. Since CRL’s with typical thicknesses in the order
of mm show very high absorption, the use of a low-Z material is mandatory. Beryllium
(Z=4) is the most often used material which has in addition appropriate mechanical
properties for high-precision machining. The large spherical aberration in the above
mentioned example of cylindrical holes is reduced in recent developments by the ma-
chining of holes with parabolic shape [Ric98b]. It should be mentioned that the pre-
sented CRL’s lead only to focusing in one dimension. A two-dimensional focusing
could be obtained with two crossed refractive lenses. However, the typical acceptance

2Or in a reciprocal view, one uses a convex lens of air as the refractive medium.
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Figure 4.3: Schematic view of a compound refractive lens (CRL) for x-rays. The upper
part shows the principle of a single concave lens with cylindrical shape, the radius of
curvatureR, the refractive index 1�δ and the focal lengthf1. The lower part shows the
example ofN stacked lenses with focal lengthfN.

of a CRL (0.2 mm) is much smaller than the horizontal beam size (1 mm). For an
optimal performance, a CRL for vertical focusing can be combined with a focusing
monochromator for the horizontal direction.

Focusing Monochromator
The schematic set-up of a focusing monochromator (FM) is depicted in figure 4.4.
Usually, a FM consists of a conventional Si(1 1 1) crystal (A) and a bent Si(1 1 1)
crystal (B). Whereas the first crystal preserves the incident beam direction of the com-
plete FM, the focusing property is due to the second crystal. For this purpose, the thin
second crystal is mounted on a "U-shaped" profile, which can induce a well-defined
curvature of the Si crystal by a spread of the two legs.

The relation between the bending radiusRb of the curved crystal and the focusing
properties is given by [FCH98]

Rb =
2ds di sinΘB

ds + di
=

2ds msinΘB

1+m
; (4.2)

whereds, di andm are defined as above for CRL’s;ΘB is the Bragg angle.
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Figure 4.4: Schematic sketch of a focusing monochromator with a conventional Si crys-
tal (A) and a bent Si crystal (B).

In practice, the minimum bending radius is determined by the fracture limit of the
crystal material. For typical conditions of a nuclear scattering experiment with an
incident energy of 14.4 keV,ΘB = 7:88�, ds = 30m anddi = 3m, the FM is operated
with Rb values of about 750 mm.

4.2 High-Pressure Technique for NFS

Diamond-anvil cells (DAC’s) have been successfully used in conventional MS for al-
most two decades [CTW82]. A general overview over DAC’s was provided by Jayara-
man [Jay83]; various applications for MS are reviewed in [PT89, TP90, PT96]. The
Mbar borderline for conventional MS was reached recently by M.P. Pasternak et al.
[PTJ97].

Since MS experiments are performed in the same transmission geometry as NFS,
DAC’s for conventional MS can also be used for NFS experiments. In order to fully
exploit the possibilities of nuclear scattering, a new DAC was developed on the basis
of previously used cells (see e.g. [Hes97]).

This DAC (called DAC #1 in the following) is shown in figure 4.5. The central part is a
pair of diamonds contained in a cylindrical press consisting of a piston (A in figure 4.5)
and a cylinder (B). The diamond flats are aligned and adjusted with a half sphere (C)
and an xy-stage (E), respectively. The force is generated by 8 screws (G) and balanced
by a backing plate (F). The inner part of the cell with the sample (K) contained in a hole
in the gasket (I) together with ruby chips (J) and pressure-transmitting medium (L) is
shown on the right. The powder samples were grinded under inert atmosphere (N2 or
Ar) and mixed with epoxy as the pressure transmitting medium. Depending on the
envisaged pressure range, the sample diameter within the Ta90W10 gasket varied from
250µm (50 GPa) to 80µm (100 GPa). The pressure was monitored before and after
each measurement using the ruby fluorescence method [FPB72] with the non-linear
calibration formula given in [MBS78].
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Figure 4.5: Sketch of the diamond anvil cell DAC #1 made of Cu0:98Be0:02 and em-
ployed for NFS in transmission geometry and for NIS. The two large openings in the
cylinder are 17 mm x 10 mm (h x v). The resulting opening angle perpendicular to the
beam is 40� and can be used for the insertion of two magnetic arrays (see figure 4.6)
or for the detection of NIS. A: piston, B: cylinder, C: half sphere, D: diamond seats
(also made of Cu0:98Be0:02), E: xy-stage, F: backing plate, G: 8 threads, H: diamonds, I:
gasket, J: ruby chips, K: sample, L: pressure-transmitting medium.

The special features of DAC #1 for NFS are:

� Use of a nonmagnetic Cu0:98Be0:02 alloy which allows the application of an ex-
ternal magnetic field. Good mechanical stability for the alignment of diamonds
with small flat sizes down to 0.2 mm was achieved by electroplating the piston
(A) with a thin layer of hard chromium. The resulting surface is very stable and
could be machined with high precision to a mechanical tolerance of 5�10µm
relative to the cylinder (B).

� In order to apply an external field by an array of permanent magnets, the cylinder
(B) of the DAC has two large openings (17 mm x 10 mm, h x v) as shown in
figure 4.6. Each side of the magnetic array consists of two Nd2Fe14B magnets
and one iron pole piece. With a distance of 10 mm between the iron poles,
homogenous fields up to 0.75 T were obtained.

The nuclear resonant count rates for high-pressure NFS experiments depend on the
sample size (i.e. the pressure), the degree of enrichment in57Fe and the electronic
absorption factor of the sample. At ESRF we achieved between 1 Hz for GdFe2 at
105 GPa and 40 Hz for YFe2 at 10 GPa (both enriched to 30% with57Fe). This leads
to accumulation times for one spectrum between 120 min and 15 min, respectively.3

3The values were obtained without focusing optical elements. The beamsize was� 1mm2.
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Figure 4.6: Schematic view of the experimental set-up with DAC #1 and an array of
Nd2Fe14B magnets and iron pole pieces which "guide" the magnetic flux to the sample.
The magnetization directions are marked by arrows. The distance between the iron poles
is 10 mm and homogenous fields up to 0.75 T were obtained.

For a pure57Fe-foil at ambient conditions, the countrate is in the range of kHz and a
NFS spectrum can be taken within a few seconds.

After every run of NFS measurements at ESRF, the DAC’s remained at the highest
pressures (105 GPa for YFe2 and GdFe2, 51 GPa for ScFe2) and additional experiments
with conventional MS were carried out in Paderborn [Lu00]. Since DAC #1 has an
opening angle of 25� in the direction of the beam, energy-dispersive XRD experiments
are possible on the same sample. These measurements were conducted at beamline F3
at HASYLAB [Rei00] and yield important information on the crystal structure and the
lattice parameter.

4.3 High-Pressure Technique for NIS

Since inelastically scattered radiation is emitted in 4π solid angle, an NIS experiment
can not be performed in a simple transmission geometry4. For 57Fe, the radiation
consists with 89% probability of x-ray fluorescence photons with 6.4 keV.

The detection of low-energy photons with 6.4 keV in a high-pressure experiment is ex-
tremely hampered by the surrounding parts of the DAC. This is illustrated in figure 4.7

4Actually, the very first NIS experiment [SYK95] was performed in forward direction, where both
NFS and NIS events were counted.
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Figure 4.7: Possibilities for the detection of NIS in a high-pressure experiment with a
standard setting of the diamond anvils. The scattered radiation in the forward cone (25�)
is strongly absorbed by the diamond anvil and superimposed by NFS. A detection of
x-rays perpendicular to the beam requires a low-Z gasket material.

where a diamond pair is shown together with its setting: (i) The emitted radiation in
the forward opening cone of a DAC is strongly absorbed in a standard diamond anvil
of 2.5 mm height (transmission below 0.01% for 6.4 keV and 50% for 14.4 keV; see
figure 4.8) and superimposed by elastic forward scattering. (ii) The scattering perpen-
dicular to the incoming beam is completely blocked by conventional gasket materials
like Ta90W10, Inconel or steel. However, the transmission of x-rays through the gas-
ket can be significantly enhanced, when gasket materials with low atomic numberZ
are chosen. This approach is well-known from XRD [KB76] and x-ray absorption
spectroscopy (XAS) [IGS78] and requires large radial openings of the employed DAC.
The most commonly used low-Z gasket materials are lithium hydride, beryllium and
boron powder mixed into epoxy. Among these materials, beryllium (bulk modulus
110 GPa [You91]) allows for the highest pressures. The transmission of 6.4 keV pho-
tons through a typical Be gasket with 1 mm radius is about 70% (see bottom of fig-
ure 4.8). XAS experiments using Be in a DAC are reported by the Paderborn group
up to 26 GPa at the LIII-edge (5.9 keV) of Praseodym [RL94, RL95]. In recent XRD
experiments with a high-strength Be gasket, Hemley et al. reached pressures above
200 GPa [HMS97].

An experimental set-up for the high-pressure NIS experiments in this thesis was devel-
oped in three main steps:
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Figure 4.8: Relative transmission of x-rays through diamond (top) and beryllium
(bottom) for different photon energies, calculated with absorption cross sections from
[MMH69].

NIS on α-iron up to 10 GPa

The first NIS experiments (June 1997) under high pressure were performed with DAC #1
and two APD detectors perpendicular to the incoming beam. Since the detector boxes
were larger than the openings in the DAC cylinder, they were placed outside the DAC.
With an active area of 10 x 10 mm2, 15 mm apart from the sample, each APD covered
an opening angle of 37�. The flat size of the diamonds was 1.0 mm. The gasket was
made of pure epoxy, hardened at 100� C. This gasket material, however, became unsta-
ble above 10 GPa. In several test experiments with a 150µm thick Be foil, the gasket
broke, beginning with cracks in the outer part, due to the brittleness of metallic Be.

After the NIS experiment at 10 GPa, it turned out that the mechanical control of the
high-resolution monochromator had been defective: a reliable determination of the
energy position was not possible and the data could not be used for further evaluation.
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NIS on ε-iron at 24 GPa

For a second run of NIS experiments (June 1998) on57Fe, an optimized DAC (DAC #2)
was developed. This cell is shown in figure 4.9a. The principle set-up is similar to
DAC #1, but DAC #2 is bigger and has a larger opening (26 x 23 mm2, h x v) perpen-
dicular to the cell axis. The detectors can now be mounted inside the DAC, 5 mm apart
from the sample. In order to fully exploit this detector acceptance, the lateral diamond
setting (brass ring in DAC #1) was completely omitted. Instead, the diamonds were
fixed with epoxy. This configuration allows an opening angle of 85�, as shown in fig-
ure 4.9b. However, for opening angles > 60� the opening cone includes transmission
through up to�2 mm of diamond. This leads to an almost complete absorption of
6.4 keV photons and to 40% absorption of 14.4 keV photons.

In this run, diamonds with 0.5 mm flat were used and a cylindrical Be disk with 2 mm
diameter and 250µm initial thickness served as the gasket. In order to avoid a breaking
of the Be, the disk was annealed at 800�C to reduce the brittleness. In addition, the
disk had to be radially supported by an aluminium ring of 0.5 mm thickness. The
maximum pressure was 24 GPa, enough to obtain the pureε-phase of iron. However,
this run suffered from a very low countrate of inelastically scattered photons and the
statistical accuracy was not sufficient for data evaluation.

10 mm

0.1 mm

0.4 mm

Be-gasket:

APD

a)

b) c)

SR

APD 85°

Figure 4.9: a) Sketch of DAC #2 with mounted detector boxes for the detection of NIS. b)
Optimized diamond setting without radial support. The diamonds are fixed with epoxy which
allows an opening angle of 85�. c) Sketch of the Be gasket with two conical drillings adapted
to the dimensions of the diamonds.
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NIS on α- and ε-iron up to 42 GPa

After these two attempts, which showed the principle feasibility of the present high-
pressure techniques, a successful experiment was conducted in April 1999 at ESRF.
NIS spectra were measured ofα-Fe andε-Fe at pressures up to 42 GPa. Two high-
pressure cells of type DAC #2 were used for the whole series, utilizing diamonds with
flat diameter of 1 mm forα-Fe and beveled diamonds with outer diameter of 0.4 mm
(bevel 7�, inner diameter 0.3 mm) forε-Fe.

A reasonable nuclear count rate of� 4 Hz in the phonon wings of the NIS spectra at
42 GPa was made possible by the use of focusing optical elements (section 4.1.3) and a
new Be gasket without an additional radial support and capable of higher pressures than
previously achieved. The modified gasket is shown in figure 4.9c. It has a cylindrical
shape with two conical drillings adapted to the dimensions of the diamonds [She98].
The thickness of the central part is�0.1 mm and was manufactured by acid etching5.
When the gasket is pressed between the diamond anvils, the much thicker outer part
remains unaffected and acts as a radial support for the inner part. A hole of 90µm
was drilled6 into the gasket after prepressing to 40-50µm. The iron foil (95%57Fe)
was placed in the hole together with ruby chips and an ethanol/methanol/water mixture
(13:4:1) as pressure transmitting medium.

For pressures up to 11 GPa a different approach for the gasket shape was made. It
turned out that cracks at the edge of the Be gasket do not occur, when thin cylindri-
cal Be disks are used, which have the same diameter as the diamond flat (thickness
0.15 mm, diameter 1 mm). In this case, the stress differences between outer and inner
parts are minimized and the drilled gasket hole remains stable under pressure. Due
to the larger sample volume (diameter 0.25 mm), the count rate for pressures up to
11 GPa was� 7 Hz. However, this approach is not applicable for smaller diamond
flats.

5Phoenix Precision, Hudson, MA (USA)
6Elemental beryllium and BeO are extremely toxic, when incorporated. Every machining has to

be done with appropriate safety precautions. For the drilling procedure, the gaskets were fixed with
adhesive and covered with mineral oil.

50



Chapter 5

NFS in RFe2 Laves Phases

The investigation of RFe2 compounds in this thesis is part of a series of Diploma-
and Ph.D.-theses using x-ray diffraction (XRD) [Web95, Rei00], x-ray absorption
spectroscopy (XAS) [Nes98, SGG98], x-ray magnetic circular dichroism (XMCD)
[GSW98], Mössbauer spectroscopy (MS) [Rup99a, Lu00, Str00, SW99] and resis-
tivity measurements [Str00] for the structural, electronic and magnetic characteriza-
tion of RM2 Laves phases under pressure. From the introduction of Nuclear Resonant
Scattering in chapter 3 it is obvious that, disregarding all methodical differences, NFS
and MS give in principle the same kind of information on the physical properties of a
sample. Consequently, the present work – actually the first systematic NFS study of
samples with complex (magnetic + electric) hyperfine interactions – was performed in
close collaboration with the accompanying Mössbauer studies.

We start with a brief introduction of the basic properties of RFe2 Laves phases followed
by the main topic of this chapter: the NFS experiments for the investigation of mag-
netism in RFe2 (R=Y, Gd, Sc, Ti) up to the Mbar range. Special emphasis is devoted
in section 5.2 to the particular properties of the data evaluation in NFS. A compari-
son with the MS studies will be given throughout the presentation of the experimental
results in section 5.3.

5.1 Structure and Magnetism of RFe2 Laves Phases

5.1.1 Crystal Structure

The Laves phase structures C15 and C14 are adopted by a large number of binary
intermetallic compounds of composition RM2. Depending on the ratio of the ionic
radii of R and M as well as on the averaged conduction electron number the C15
or C14 structure appears [BCK90] (see figure 5.1). The cubic C15 phase (MgCu2,
Pearson symbol cF24) is a common structure for RM2 intermetallics withR as the
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Figure 5.1: C15 and C14 structures of RFe2 Laves phases.

larger metal ion like trivalent Y andLn (lanthanide) metals and M = 3d metals like
Mn, Fe, Co, Ni, and also simple metals like Al. The hexagonal C14 phase (MgZn2,
Pearson symbol hP12) is formed, for instance, with R as a trivalent, tetravalent or
pentavalent d-metal like Sc, Ti, Hf, Ta.

In the C15 structure, all R and all M sites are crystallographically equivalent. The R
sites build up a diamond lattice, whereas the M atoms form tetrahedra connected via
their corners to fill up the empty interstices. The R sites have local cubic symmetry,
whereas the M sites have local C3 symmetry. In the C14 structure, the R sites form a
hexagonal lattice, resembling in some aspects a hcp lattice. The interstices are filled
again by M tetrahedra, sharing now common planes and corners. The two M sites, 6h
and 2a, are crystallographically and magnetically different.

For both C15 and C14 structures the R and M sites are similarly coordinated: the M
sites have 6 M and 6 R nearest neighbours and the R sites have 12 M nearest neigh-
bours. This (joint) coordination number of 12 makes the C15 and C14 structure similar
to the fcc and hcp lattice of monoatomic metals, e.g. toγ-Fe andε-Fe, the fcc and hcp
allotropes of iron. Due to their simple structure, the RFe2 Laves phases are considered
as model systems for Fe magnetism in intermetallic compounds.1

1For comparison, the technological relevant compound Nd2Fe14B has a tetragonal structure with 68
atoms per unit cell. The 6 crystallographically different Fe sites have 8-12 nearest Fe neighbours with
mean Fe-Fe distances ranging from 2.54 to 2.70 [Dep87].
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5.1.2 Magnetism in R-Fe Compounds

The electronic structure and magnetism of R-Fe compounds is governed by three kinds
of electronic states [Ric98a]:

� R 4f states forming a subsystem of localized magnetic moments,

� Fe 3d band states which both participate in metallic bonding and magnetic order,

� nearly free conduction electron states responsible for metallic bonding and cou-
pling of the two different magnetic subsystems (R 5d and Fe 4s).

The relevant energies for the electronic and magnetic interactions2 within the two
subsystems are the on-site Coulomb correlation energyU and the bandwidthW , rep-
resenting theintra- and interatomic interaction between electron states, respectively.
The balance between these energies decides whether the electrons remain localized or
whether itinerant band states are formed. In the extreme cases we have a system with
well-defined local moments in the strong correlation limit (U=W � 1) and a Pauli para-
magnet in the weak correlation limit (U=W � 1). The localization threshold is about
U=W � 5�10 for almost empty or almost completely filled shells, andU=W � 1 for
half-filling [Ric98a].

For rare earth 4f states with negligible overlap between neighbouring atoms,W4 f � 0.5-
0.2 eV is small and decreases from Ce to Lu, whereasU4 f varies between 5 and
10 eV. Consequently, all rare earth metals at ambient conditions have localized 4f
states. This property is prevailed in R-Fe intermetallics with the exception of Ce com-
pounds, where 4f contributions to the chemical bonding have been found for example
in CeFe2 [BCK90]. The magnetism of localized moments is usually described within
the Heisenberg model, assuming an interaction Hamiltonian which is proportional to
the dot product of the spins:

Hex =�2Ji j~Si �~S j: (5.1)

The so-called exchange parameterJi j represents the coupling strength between the
moments of two different atoms labelledi and j. Due to the absence of direct ex-
change the coupling between atomic rare earth moments is mediated by conduction
electrons. When considering a solid it is necessary to sum the exchange over all
pairs of atoms which contribute to the interaction. In many cases one is only inter-
ested in nearest-neighbour interactions and the Heisenberg Hamiltonian is simplified to
Hex =�2J ∑~Si �~S j where the sum is only over nearest neighbours with the correspond-
ing value ofJ. Obviously,J > 0 provides ferromagnetic andJ < 0 antiferromagnetic
ordering.

2Unless not mentioned explicitely, these interactions are considered at low temperatures.
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A contrasting picture to the 4f states holds for transition metals with incompletely
filled 3d shells. The wave functions are spatially more extended than those ofR 4f
states. Thus,U3d � 1-3 eV is considerably smaller thanU4 f . Even more important
is the absence of closed shells outside the 3d shell. This leads to a large overlap of
neighbouring 3d wave functions. Consequently,W3d � 8�5 eV is much larger than
the related 4f value and 3d band states are formed. Even within the band picture the
degree of localization varies depending onU=W . The spatial extension of the electron
states and possible magnetic moments increases with decreasingU=W .

A precondition for a net magnetic band moment is the imbalance of spins caused by
the intraatomic exchange interaction between the electrons. The larger the exchange
energy the greater the exchange splitting∆ (� 1:8eV for Fe) between the spin up and
spin down half bands. The schematic band structure density of statesD(E) with an
exchange splitting∆ of the half bands is shown in figure 5.2. It is easily seen that the
magnetic 3d momentµ3d depends on both, the exchange splitting∆ and the density of
states at the Fermi levelD(EF). The Stoner criterionI �D(EF ) > 1 for the stability of
a ferromagnetic phase combines these two parameters: the strength of the intraatomic
exchange interaction, described by the Stoner parameterI, and a high density of states
D(EF).

E

E

D(E)

�

F

Figure 5.2: Schematic band structure density of statesD(E), showing exchange splitting
∆ of the spin up and spin down half bands.

Sublattice Coupling

In RFe2 systems the two types of magnetic sublattices are "pasted" together by inter-
atomic 3d-5d coupling which appears to be antiferromagnetic and originates from the
interplay of hybridization and spin polarization between a nearly filled 3d shell (Fe)
and a nearly empty 5d shell (R) [Ric98a]. It can produce significant conduction elec-
tron and spin density at the R sites, even when they possess no 4f moment. This is
demonstrated in YFe2 with an induced moment of -0.45µB at the Y site [ADM86].
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However, for R=Y the magnetic moment is due to 4d polarization and 3d-4d coupling
which is completely analogous to the above mentioned 3d-5d coupling for the Lan-
thanides where band structure calculations [LBC94] yield a Gd 5d moment of -0.54µB

in GdFe2.

The connecting link for the magnetic exchange between the 3d and 4f subsystems is
the intraatomic 4f-5d interaction in the R atoms. Hereby, the 4fspin moments polarize
locally the 5d electrons via ferromagnetic exchange interaction. However, the direc-
tion of the 4ftotal moment depends on the size and direction of the orbital moment.
According to Hund’s third rule this gives (with the above antiferromagnetic 3d-5d cou-
pling) ferromagnetic ordering of Fe and R moments for the light rare earth (J=L-S) and
ferrimagnetic ordering for the heavy rare earth (J=L+S). The alignment of the two spin
moments leads to an energy reduction ofE4 f 5d � 10-100 meV, depending on the size
of the 4f spin moment [BNJ91]. Canted spin structures can occur when the crystal
field energy is larger thanE4 f 5d.

A measure for the R-Fe interaction is the coupling constantJRFe appearing in the
nearest-neighbour Heisenberg-type HamiltonianHex =�∑2JRFeSRSFe with R and Fe
spinsSR andSFe, respectively. It can be obtained with high-field magnetization exper-
iments. For GdFe2 a value ofJRFe = �22K=kB = 1:9meV is found [LBC94]. How-
ever, despite the high spin moment at the R sites, the driving force of magnetic order
in RFe2 compounds is the 3d spin polarization. This is reflected by the much larger
coupling constantJFeFe, which was determined with spin waves in inelastic neutron
scattering for YFe2 to be 24.4 meV [PCR99]. Since this value is very close to that of
α-Fe (24.0 meV), and trivalent Y has no opend or f shells, the authors of [PCR99]
consider YFe2 as "diluted iron in the cubic C15 structure". TheR�R couplingJRR

is small compared toJFeFe. This was shown by resistivity measurements in GdFe2,
which revealed an ordering temperature of 140 K for the Gd sublattice [SW99].

5.1.3 Magnetic Phase Diagram

The impact of different constituentsR with different size and coupling to the Fe sys-
tem on the magnetic properties of RFe2 compounds is shown in figure 5.3. The figure
presents the ordering temperatureTm and the magnetic hyperfine fieldBh f ; the lat-
ter related for RFe2 systems to the magnetic momentµFe by µFe=µB = Bh f =14:7T
[BCK90]. In order to compare materials with different crystal structure, theFe�Fe
distancedFe�Fe is chosen as the common parameter for the x-axis. For C15 sys-
tems, this parameter depends in a simple way upon the lattice constanta according
to dFe�Fe =

p
2a=4. For the C14 structure, the distances between iron atoms in 6h and

2a sites are slightly different3 and the average is taken for representation in figure 5.3.

3The Fe(2a) atoms have 6 nearest Fe(6h) neighbours with equal distance whereas the Fe(6h) atoms
have 4 nearest Fe(6h) neighbours and 2 Fe(2a) neighbours with different distances (∆dFe�Fe � 0:04Å
for TiFe2).
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Figure 5.3: Magnetic ordering temperatures (a) and hyperfine fields at 4.2 K (b) versus
Fe-Fe distance for different RFe2 Laves phase compounds; compiled from [BCK90].
Full symbols are for fm ordering and open symbols for afm ordering. The solid line
represents calculated values forTm according to equation 5.2. The arrows indicate the
low-pressure behaviour ofTm, derived from resistivity studies [BB73] and ofBhf derived
from NMR studies [DRM86]. The proportional behaviour of Bh f and the iron moment
µFe, marked on the right axis of (b), is given in [BCK90].

Magnetic Ordering Temperatures

All RFe2 C15 compounds order ferro- or ferrimagnetically (see right part of figure 5.3a).
The influence of theR�Fe coupling is reflected by the increase ofTC from 535 K for Y
without intrinsic moment to a maximum of 790 K for Gd with J = S =7/2. In analogy
to a similar compilation ofTC values inR2Fe14B compounds [SRF84], the increase of
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TC in RFe2 can be described by a mean-field approach

3kB TC = aFeFe +aRR+
�
(aFeFe�aRR)

2
+4aRFe aFeR

�1=2
; (5.2)

aFeFe = ZFeFe AFeFe SFe (SFe +1) ;

aRR = ZRR ARR G ;

aRFe aFeR = ZRFe ZFeR SFe (SFe +1)GA2
RFe

with the iron spinSFe, the de Gennes factorG = (g� 1)2J(J + 1) for the R spin
and the number of nearest neighboursZFeFe = 6, ZRR = 6, ZRFe = 12 andZFeR = 6.
The variablesaxy represent the magnetic interaction energy between thex andy spins.
The respective coupling parametersAxy are related to the above mentioned exchange
parametersJxy but are usually treated as empirical. They are assumed to be identical
for all R and can be estimated from

� the value ofTC = 535K in YFe2 with G = 0! AFeFe = 8:8meV,

� the ordering temperature 140 K of the Gd sublattice in GdFe2 with G = 15:75
! ARR = 0:19meV,

� the ordering temperatureTC = 790K in GdFe2! ARFe = 1:37meV,

using SFe = µFe=2µB � 0:75. The calculated values for the other rare earths from
equation 5.2 are indicated by the solid line in the right part of figure 5.3a, connecting
theTC values of C15 type RFe2 systems. As mentioned above, the CeFe2 compound
has non-systematic magnetic properties with respect to the remaining RFe2 series.

The C14 structure is preferred for smaller constituentsR (see left part of figure 5.3a).
ScFe2 is ferromagnetically ordered with the Fe moments of both 6h and 2a sites di-
rected along the c-axis. Going from ScFe2 to TiFe2, the ordering temperature decreases
drastically from 542 K to 283 K and TiFe2 shows an interesting antiferromagnetic
structure: The 6h sites are ferromagnetically ordered within the planes, the moments
oriented along the c-axis; the 6h planes, however, couple antiferromagnetically, leav-
ing the 2a sites in a non-magnetic position [BCK90].

Magnetic Hyperfine Fields

The behaviour of the magnetic hyperfine fields for C15 compounds in figure 5.3b in-
dicates that also the Fe moment itself is affected by differentR neighbours. Although
the qualitative dependence on theR spin moment is similar toTm, the effect is much
smaller. Magnetization measurements in the YxGd1�xFe2 series yield a continuous in-
crease ofµFe from 1.45µB in YFe2 to 1.6µB in GdFe2 [BU79]. Consequently, the effect
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of transferred hyperfine fields from theR sites can be neglected at ambient pressure.
Similar to the volume-dependence ofTm, also the hyperfine fields show a considerable
decrease for smaller Fe-Fe distances reaching a "low-moment" state withµFe = 0:7µB

in TiFe2.

The direction of the hyperfine fields relative to the crystal lattice and hence to the elec-
tric field gradient (EFG) is governed by the structural properties of the Laves phases
and by the direction of magnetization~M. As elaborated in detail by Genin et al.
[GBB81] for the C15 structure, the direction of the main axis of the EFG is deter-
mined by the angleβ between~M and the particular trigonal axis of the iron atoms at
the four tetrahedra corners ([111],[1̄11],[11̄1],[111̄]). This leads to four magnetically
ineqivalent Fe sites for an arbitrary direction of~M. The number of different Fe sites
can be less than four, if one considers directions of~M with certain symmetries. Since
the effect on the energy levels is given byf (β) = (3cos2β�1)=2 the simplest case is
given for a magnetization along the [100] direction, as in the case ofR ions likeDy
andEr with large 4f orbital moments. Then all Fe sites remain magnetically equiva-
lent and the magnetic hyperfine field and the EFG form the "magic" angle,β= 54:7�

( f (54:7�
) = 0). When the magnetization is along the [111] direction, which is the case

in RFe2 C15-phases with non-magneticR metals like Y andLu [BCK90], there are two
magnetically non-equivalent Fe sites in the ratio 3:1; the majority site with an angle
β1 = 70:5� , the minority site withβ2 = 0�. GdFe2 with a large S = 7/2 spin moment
has no simple axis of magnetization. Genin et al. propose that~M lies between the
[111] and [110] direction [GBB81]. This case of a not well-known or well-defined
magnetization direction is approached by 4 sublattices with varying anglesβ. Since
the dipolar contribution to the hyperfine field shows the same angular dependence of
the angleβ, there is usually a clear correspondence betweenf (β) and the magnitude
of the hyperfine field [GBB81, BCK90].

The magnetic properties of the hexagonal C14 RFe2 compounds are also strongly in-
fluenced by their crystal structure with two inequivalent Fe sites 6h and 2a in a ratio
3:1. For the 2a sites the main axis of the EFG is oriented parallel to the magnetiza-
tion which points in the [001] direction (! β = 0�). The Fe atoms on the 6h sites
experience an EFG which is perpendicular to the c-axis (! β= 90�).

Regarding figure 5.3, the overall variation of magnetic properties in RFe2 Laves phases
with decreasingdFe�Fe can be summarized as follows:

1. Suppression of the Fe moment from a relatively localized high band-moment via
a more itinerant low-moment to a non-magnetic state.

2. Decrease of the magnetic exchange coupling reflected by the decreasing ordering
temperatures.

3. Change of the magnetic ordering type from ferro- to antiferromagnetism.

4. Preference of the hexagonal C14 structure for smaller volumes.
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The features described in 1.-3. are analogous to the behaviour ofγ-Fe on CuAu sub-
strates, where the lattice parameter can be adjusted by a varying Au-concentration
[KSF95] (indicated on the top of figure 5.3).

Following this argumentation the motivation for high-pressure experiments is obvious:
Is the decrease of theFe�Fe distance the main reason for the strong variation of
magnetic properties in RFe2 i.e. isdFe�Fe a "universal" parameter for the description
of iron magnetism in these compounds? The application of high pressure gives the
unique possibility to answer this question for particular samples without influence of a
changing number of conduction electrons due to different constituentsR.

For the present NFS high-pressure studies, the samples YFe2, GdFe2 and ScFe2 were
chosen. YFe2 is representing the case of a non-magneticR atom in the C15 systems.
The influence of a magnetic 4f sublattice can be studied by comparison with GdFe2.
Furthermore, these two compounds have similar lattice constants at ambient pressure
and also the electron concentration does not change when replacing yttrium by gadolin-
ium. The bulk moduli are 133 GPa (YFe2) and 104 GPa (GdFe2) [Rei00]. The low-
pressure behaviour ofTm (from resistivity experiments [BB73]) andBhf (from NMR
[DRM86]) are indicated by arrows in figure 5.3. For the envisaged pressure range of
100 GPa (=1Mbar) the reduction ofdFe�Fe is as large as 10% covering the whole range
of Fe-Fe distances shown in the figure.

The possible occurrence of a pressure-induced structural transition from C15 to C14 is
subject of a close collaboration with XRD experiments of G. Reiss [Rei00].

The compounds ScFe2 and TiFe2 are studied as C14 reference systems, the latter only
at ambient pressure. In the Sc1�xTixFe2 alloy series, a transition from ferro- to antifer-
romagnetism can be reached at x = 0.65 [NY85, NY86]. Since the substitution of Sc
by Ti is accompanied, beside a change in the averaged conduction electron number, by
a decrease of the lattice parameters, we expected that this magnetic transition can be
also induced in pure ScFe2 by the application of pressure.
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5.2 Special Features of NFS Spectra

Before presenting the high-pressure spectra of RFe2 (R=Y,Gd,Sc) Laves phases we
discuss typical features of the NFS for systems with (i) texture effects (magnetic +
crystallographic, section 5.2.1), (ii) a combination of magnetic and electric hyperfine
interactions (section 5.2.2) and (iii) thickness distributions (section 5.2.3).

5.2.1 Texture Effects

Texture effects in NFS spectra are due to the interplay between preferred orientations
of magnetic and/or crystallographic axes in the sample and the polarization of the
SR. They are inevitable in a high-pressure cell and we show, as the simplest case,
the impact of a magnetic texture on the NFS spectrum of an57Fe foil, as used for
calibration purposes in conventional MS and NFS. Figure 5.4 shows the NFS spectrum
of this foil assuming (a) no texture and (b) a magnetic texture for the fit done with the
CONUSS program package [SG94]. It is evident that the fit without texture is only a
poor representation of the data, whereas the fit including texture delivers a much better
adjustment.
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Figure 5.4: NFS spectrum of magneticα-iron shown together with a fit assuming (a)
a random orientation of the magnetic hyperfine axis and (b) a magnetic texture (30%)
within the sample plane. The corresponding spectra (schematic) for conventional MS
are shown in the right panel.
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In conventional MS, the texture can be considered by one additional parameter, de-
scribing the deviation of the averaged magnetization in the absorber plane from the
magic angle 54:7�. In the case of a magnetic iron foil, the direction of preferred mag-
netization normally lies predominantly in the plane of the foil, which results in an
averaged polarization angle larger than 54:7�.

The situation in NFS is different due to the well-defined polarization vector~σ of the
SR. For a polycrystalline sample with different orientations of domains with magneti-
zation~M, the averaging procedure for all combinations of~M and~σ is done by the eval-
uation software. Deviations from a completely random orientation can be accounted
for by a texture coefficientCtex, describing the percentage of Fe atoms with a certain
preferred magnetization direction~Mtex. In general, the orientation of~Mtex with respect
to~σ is defined by another two parameters. For the above mentioned iron foil, the num-
ber of free parameters is reduced to one, namelyCtex, by the assumption of a random
distribution of ~Mtex within the sample plane. The fit analysis in figure 5.4b yields a
percentage of 30% polarization.

5.2.2 Complex Hyperfine Interactions / External Field

So far, we considered the simple case of pure magnetic hyperfine interactions in a
57Fe-foil. However, all investigated compounds in this thesis exhibit a combination of
magnetic and electric interactions leading to more complicated spectra. The related
features are presented in the following example for NFS spectra of YFe2 measured
at ambient pressure at the BW4 Beamline of HASYLAB in 2-bunch mode, providing
a time window of 480 ns (figure 5.5). The sample with 30% enrichment in57Fe was
prepared by mixing the grinded material with paraffin. The area density of 12 mg/cm2

leads to an effective thickness ofχ� 40. The spectra were recorded at 300 K without
external field and at 77 K with a polarizing field of 3 T, provided by a superconducting
solenoid.

The NFS spectrum of YFe2 without a polarizing field was fitted, according to sec-
tion 5.1, with two sites in the ratio 3:1 with Bh f ;1 = 18.6 T and Bh f ;2 = 17.9 T and a
quadrupole splitting∆EQ = eQVzz=2= (�)0:35mm=s (β1 = 70:5� andβ2 = 0�).4 Sim-
ilar to the case ofα-Fe without external field, a small magnetic texture (Ctex = 20%)
has to be taken into account. This texture is actually not expected for a powdered
sample of a cubic compound embedded in paraffin, but may be due to a remaining
magnetization from previous experiments in external fields.

With the application of an external field Bext = 3 T at 77 K, the magnetization in the
polycrystalline YFe2 sample is fully aligned in the same configuration as in the case

4Since an inversion of the energy scale for hyperfine interactions has no effect on the time spectrum,
the sign of the electric quadrupole splitting can not be determined with this NFS spectrum. For the
Laves phase compounds the negative sign is well established (e.g. [BCK90],[Rup99a]) and therefore
indicated here in brackets for consistency. For the sign determination with NFS see section 5.3.5.
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Figure 5.5: NFS spectra of YFe2, measured at BW4 (HASYLAB) without (300 K) and
with (77 K) external field of 3 T. The solid lines are fits assuming a magnetic texture with
Ctex = 20% for the upper and 100% polarization for the lower spectrum. The dashed line
at the bottom indicates the calculated spectrum for uniform effective thickness ofχ= 40.

of α-Fe in figure 3.9c:~Bext is perpendicular to the direction~k and polarization~E of
the SR. A similar "simple" periodic beat structure appeared, now with a modulation
frequency corresponding to the smaller splitting of the∆m = 0 transitions in YFe2.

Since the direction of the EFG is determined only by the orientation of the crystal
axes, the angle between quadrupole interaction and hyperfine field is now randomly
distributed. This situation is adopted in the CONUSS program package by the adjust-
ment with one value Beff for the magnetic field and a grid of 48 subspectra with varying
anglesβ. The fitted value of Beff = 18.0 T leads to Bh f = Beff - Bext = -21.0 T at 77 K.
The external field lowers the hyperfine field at the nucleus because the hyperfine field
is antiparallel to the Fe band moment which is aligned by the external field.

According to the estimated effective thickness ofχ� 40 (χ= 20 per resonance line)
a Bessel beat minimum should appear in the polarized NFS spectrum at 105 ns as
indicated by the calculated dashed line in figure 5.5. However, this calculation is only
valid for samples with homogeneous thickness such as properly rolled metallic foils.
The absence of a Bessel beat can be explained by a variation of the local thickness in
a powder sample. In this case the superposition of scattering intensities (see also the
coherence aspects in chapter 3.2.4) with minima at different places leads to a blurring
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of the Bessel beats. For the actual fit of the YFe2 data a variation of 15�7µm has to be
assumed where�7 denotes half the width of a Gaussian distribution. Thus, the final
fit consists of subspectra with Bessel minima ranging from 70 ns (22µm) to 200 ns
(8 µm). The impact of this effect is much less pronounced for the unpolarized case
since the effective thickness per resonance line is smaller and varies for the different
hyperfine transitions.

From the experience with grinded powder samples in paraffin, e.g. from X-ray absorp-
tion spectroscopy, such a huge thickness distribution of 15�7µm was unexpected and
thought to be unrealistic. However, as will be shown in the next section, the distribution
of different thicknesses depends strongly on the spatial resolution of the observation
method.

5.2.3 Thickness Distributions

With respect to the homogeneity of a sample, rolled foils with well-defined uniform
thickness are perfectly suited for many kinds of experiments with transmission geom-
etry. When such foils are not available the grinding of powder materials is the usual
way of sample preparation. In order to avoid effects of severe milling on the structural
and magnetic properties of a sample (studied for YFe2 in [LAB95]) typical grain sizes
are in the range of about 1-5 microns as revealed by a microscopical inspection of the
present YFe2 sample.

The resulting thickness distribution depends on the spatial resolution of the observa-
tion since integration over large (compared to the grain size) sample areas leads to an
averaging. This effect is demonstrated by a computer simulation of an artificial sam-
ple obtained by random distribution of spherical grains in a virtual "paraffin volume"
of 250µm�250µm�250µm (see figure 5.6). The number of different spheres with
diameters 1-5µm (see table 5.1) is chosen in a way that every species of spheres oc-
cupies 1/5 of the total volume. In order to match the area density of the real sample
(12 mg/cm2, average thickness of YFe2 15µm) a total number of 453838 spheres was
used.

sphere diameter (µm) number ratio
1 360000 1
2 72000 2�3

3 13333 3�3

4 5625 4�3

5 2880 5�3

Table 5.1: Distribution of different sphere diameters for the computer simulation of an
artificial sample in figure 5.6.
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Figure 5.6: (a) Thickness of an artificial sample (mean thickness 15µm) "seen" with
a spatial resolution of 0.1µm (solid line) and 25µm (dashed line). The sample was
obtained by random distribution of 453838 spheres in a volume of(250µm)

3. The used
sphere diameters are listed in table 5.1. (b) Normalized thickness distributions for the
corresponding curves in (a). The thin lines represent Gaussian fits with a FWHM of
13µm and 2.5µm, respectively.

The resulting thicknesses are calculated with 0:1µm resolution for a linear chain (length
200µm) in the central part of the artificial sample (solid line in figure 5.6a). Within
this small spatial resolution the corresponding thickness distribution (figure 5.6b) is
very broad. It can be approximated by a Gaussian with FWHM of 13µm. When the
thickness is averaged with a resolution of 25µm (dashed line in figure 5.6) the sample
appears much more homogenous and the width of the distribution decreases drastically
to a FWHM of 2.5µm.

According to chapter 3.2.4 the spatial resolution of NFS is given by the transverse co-
herence lengthLtr. Since this value is in the order of 10-100 nm for usual experimental
conditions, the large thickness distribution, necessary to explain the blurring of Bessel
beats, can be made plausible by the above simulation.

Although thickness distributions can be accounted for in the analysing software, they
render the data evaluation more difficult and tend to mask the influence of hyperfine in-
teractions. They could be reduced in powder samples with a larger thickness compared
to the grain size, keeping the effective thickness constant by the use of non-enriched
material. However, this pathway will reduce the available count rates in a NFS experi-
ment and is not desirable for high-pressure experiments.
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5.3 Results

The high-pressure NFS investigations, presented in the following, were carried out
at room temperature (294 K) using the experimental set-up described in chapter 4.
Hereby, the magnetic properties of YFe2 and GdFe2 were studied up to a maximum
pressure of 105 GPa (=1.05 Mbar). As explained in the previous section 5.2.2, the
sophisticated influence of an arbitrary magnetic texture can be overcome by inducing
a well-defined polarization in an external magnetic field. On the other hand, the aver-
aging procedure for the angleβ in the polarized case destroys the information on the
relative orientation of hyperfine field and electric field gradient. Therefore, the NFS
spectra were recorded as often as possiblewith andwithout an external field. In special
cases (GdFe2) this provides additional information on the magnetic ordering type.

5.3.1 YFe2

Fig. 5.7 shows NFS spectra of YFe2 at various pressures with a polarizing field in the
same configuration as explained above. The simple beat pattern at ambient pressure,
now measured at 294 K with Bext = 0.75 T, is similar to that measured at 77 K with
Bext = 3.0 T (see figure 5.5) and can be analysed in the same way. The fit reveals a
hyperfine field of 18.6 T and a quadrupole splitting of (-)0.35 mm/s. With increasing
pressure we observe a decrease of the magnetic hyperfine fields, which can be tracked
by the increase of the beat period in the time spectra. The damping of the beat struc-
tures can be explained by a concomitant increase of the quadrupole interaction since
the random orientation of the two hyperfine interactions leads to a broadening of the
∆m = 0 transition lines. This is best demonstrated in the spectrum at 50 GPa, where
the simple magnetic beat pattern is already strongly modified. Going further up with
pressure, there is a drastic change in the spectrum at 71 GPa, being now dominated by
a quadrupole interaction with a period of 120 ns, corresponding to (-)0.74 mm/s split-
ting, and slightly modified by a magnetic site with a hyperfine field of about 10 T. The
spectrum at 105 GPa arises solely from a quadrupole interaction with a beat period of
100 ns, corresponding to (-)0.87 mm/s splitting.

The non-magnetic origin of the beat pattern above 70 GPa is confirmed by NFS mea-
surements without external field (see figure 5.8): the spectra up to 43 GPa show a com-
plicated magnetic pattern whereas at 92 GPa and 105 GPa they have the same simple
shape than with polarizing field. Additional studies with this pressure cell cooled down
at 105 GPa in a closed-cycle He cryostat revealed the complete absence of magnetic
interactions down to temperatures as low as 15 K. This NFS spectrum is shown at the
bottom of figure 5.8 and indicated with a pressure of 115 GPa*. The pressure-increase
at low temperatures depends on the special properties of the pressure cell (such as
manufactured material, force generating mechanism or size). For this type of DAC
and pressure range it was found to be about 10% [Rup99a] leading to an estimated
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Figure 5.7: NFS spectra of YFe2 at various pressures, measured at 294 K with an exter-
nal field of 0.75 T. The solid lines are fits which are explained in the text.

pressure of 115 GPa at 15 K.

The numerical evaluation of the series of NFS spectra was made along the guidelines
given in section 5.2, namely assuming a

1. small magnetic texture for the "unpolarized" spectra,

2. a random orientation of the quadrupole interaction with respect to the oriented
magnetic hyperfine field for the polarized case,

3. a large thickness distribution of typicallyd = 15�8 µm.
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Figure 5.8: NFS spectra of YFe2 at various pressures, measured without external field.
The spectrum at 115 GPa* was measured in a cryostat system at 15 K. The corresponding
pressure value is estimated from earlier experiments [Rup99a]. The solid lines are fits
which are explained in the text.

4. At higher pressures the effects of a pressure gradient are adapted by the use of
up to three magnetic sites with slightly different hyperfine fieldsBhf and angles
β.

5. For all subspectra the same isomer shift and quadrupole splitting was assumed.
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Figure 5.9: Experimental results for the magnetic hyperfine field (top) and quadrupole
splitting (bottom) in YFe2 obtained from the NFS spectra with (circles) and without
(diamonds) external field. Full symbols forBhf represent average values for all magnetic
sites whereas open symbols stand for the total average, including also the non-magnetic
sites. The "*" indicates the results for an estimated pressure of 115 GPa obtained at
15 K. For comparison the values from a Mössbauer study [Rup99a] are also given. The
solid lines represent linear fits to the data in different pressure regimes divided by the
vertical dashed line at 40 GPa.

The resulting values for the hyperfine fieldsBhf and the quadrupole splitting∆EQ

are shown in figure 5.9 together with corresponding results from a Mössbauer study
[Rup99a]. Both data sets are in very good agreement.

The pressure dependence ofBhf exhibits a different behaviour in the range below
and above 40 GPa. Below this point,Bhf shows a small linear pressure derivative of
�0:086(5)T/GPa (d lnBh f =d p = �0:0046(5)GPa�1) which agrees with NMR stud-
ies at 4.2 K up to 1 GPa [DRM86] (d lnBh f =d p = �0:0042(2)GPa�1). This slope
increases drastically to -0.43(5) T/GPa at higher pressures as indicated by the dashed
line in figure 5.9. This increase is induced by the appearance of a non-magnetic site in
the NFS spectrum at 43 GPa (15%) which becomes dominant at 71 GPa (80%). How-
ever, the NFS spectrum at 50 GPa with external field could not be analysed with the
occurrence of a non-magnetic site. Most probably, the influence of a non-magnetic site
is hidden by the averaging procedure for the angleβ and the thickness. The external
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field may also induce a defined transferred hyperfine field at the non-magnetic site.
Nevertheless, the mean valueBav agrees well with the corresponding value from MS
at 50 GPa which is obtained in the same way including also the non-magnetic site. By
extrapolating the pressure dependence toBav = 0, a pressure of about 75 GPa is found
where the magnetic ordering temperature is suppressed to room temperature.

The behaviour of the quadrupole interaction∆EQ shows also a change at 40 GPa. The
linear decrease with d∆EQ/dP = -0.009(1) mm/s GPa in the low-pressure regime is
reduced to -0.004(1) mm/s GPa at higher pressures.

Having in mind that the intermetallic compounds RFe2 tend to prefer the hexagonal
C14 structure at smaller volumes (see section 5.1), the above mentioned results sug-
gest the occurrence of a structural phase transition C15! C14 in YFe2. Especially
the appearance of a non-magnetic site above 40 GPa can be hardly explained in the
framework of the cubic C15 structure with only one species of equivalent Fe sites. In-
deed the XRD experiments by G. Reiss show additional lines in the diffraction pattern
above 20 GPa which belong to the hexagonal C14 phase [Rei00].

5.3.2 GdFe2

Two similar series of NFS spectra up to 105 GPa were taken for GdFe2 with and
without external field (see figures 5.10 and 5.11).

At a first glance, the spectra at low pressure are similar to those of YFe2 and show a
relatively simple beat pattern in the polarized case and a complicated pattern without
external field. However, in contrast to YFe2, the effective hyperfine field at the Fe
nuclei is obtained byadding the external field of 0.75 T to the hyperfine field for the
unpolarized case. This finding indicates that the Fe moment (µFe = 1:6µB) is aligned
antiparallel to the external field whereas the much larger Gd moment is aligned parallel
to minimize the potential energy. Hence, the applied field confirms the ferrimagnetic
ordering type in GdFe2.

For higher pressures up to 53 GPa one observes an increased damping of the magnetic
beat pattern similar to YFe2. Going further to pressures above 71 GPa, the NFS spectra
show a more pronounced pattern again. Since this pattern, especially at 105 GPa, has
no longer the uniform shape as at low pressures, a principle change of the magnetic
behaviour can be deduced. Unambiguously, the sequence of NFS spectra demonstrates
that GdFe2 remains magnetically ordered well above 300 K in the whole pressure
range.

The evaluation of the NFS spectra was performed in analogy to YFe2, but considering
the differences due to the ferrimagnetic ordering and an unknown easy magnetization
direction in the unpolarized sample (see section 5.1.2) by the following constraints:
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Figure 5.10: NFS spectra of GdFe2 at various pressures, measured at 294 K with an
external field of 0.75 T. The solid lines are fits which are explained in the text.

1. Since the magnitude of the external field is weak, it is supposed not to disturb the
ferrimagnetic ordering type throughout the high-pressure series. Therefore, the
value ofBext is always subtracted from the measured effective hyperfine fields.

2. The unpolarized spectra are fitted with 4 magnetic sublattices having different
anglesβ between hyperfine field and main axis of the EFG in the range 25�
80�. Free parameters are the relative weight of the sublattice and the respective
hyperfine fieldBhf.

3. Due to the lack of a defined direction of the magnetization axis and the large
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Figure 5.11: NFS spectra of GdFe2 at various pressures, measured without external
field. The solid lines are fits which are explained in the text.

number of free parameters introduced in the previous point, the spectra are fitted
without the assumption of a magnetic texture.

The numerical results forBav and∆EQ are plotted in figure 5.12. Again, both hyperfine
parameters indicate a drastic change of the magnetic and/or structural properties at a
certain transition pressure, here 53 GPa. The low-pressure region up to 20 GPa is char-
acterized by a linear decrease ofBav with d Bav=d P =�0:175(10)T/GPa. Between 20
and 53 GPa, the slope is slightly smaller before the value ofBav drops from 14.7 T at
53 GPa to 11.1 T at 71 GPa. Beyond this jump a modest linear decrease is observed
with d Bav=d P =�0:035(10)T/GPa reaching 9.9 T at 105 GPa.
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Figure 5.12: Experimental results for the averaged magnetic hyperfine fieldBav (top)
and quadrupole splitting∆EQ (bottom) in GdFe2 obtained from the NFS spectra with
(circles) and without (diamonds) external field. For comparison the values from a Möss-
bauer study [Lu00] are also presented (triangles), including preliminary results above
20 GPa. The solid lines represent linear fits to the data ofBav in different pressure
regimes.

The quadrupole splitting∆EQ shows no pronounced pressure dependence up to 53 GPa.
Above 53 GPa, however, the spectra can only be modeled with a drastically increased
electric field gradient with∆EQ = -1.3(2) mm/s at 71 GPa.

The agreement with results from MS [Lu00] is very good for pressures below 20 GPa.
At higher pressures the MS results indicate also a drastic change of the magnetic prop-
erties: a drop of the average hyperfine field and a sharp increase of the EFG. However,
the transition pressure lies between 20 and 28 GPa whereas for NFS it is above 50 GPa.
This discrepancy is not due to uncertainties in the pressure determination, because the
experiments at 28 GPa, 50 GPa and 105 GPa were performed on the same sample for
MS and NFS. The differences could be explained when the observed transition shows a
time-dependence: The NFS experiments were carried out within 1-2 hours after the ad-
justment and calibration of a new pressure while the MS experiments were performed
within 1-2 months afterwards.
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In analogy to YFe2 the drastic changes of the hyperfine parameters may be caused by
a structural transformation from the C15 to the C14 phase. Complementary XRD ex-
periments revealed diffraction patterns with hexagonal classification at high pressure,
here again above 50 GPa [Rei00], as found also in the NFS studies. This structural
transition was observed in a completely independent high-pressure run. The XRD ex-
periments were carried out in a 30-60 min time scale, which is comparable to the NFS
studies. Comparison of XRD and NFS with the MS results demonstrates that the C15
! C14 transition is slow, at least at 300 K.

5.3.3 TiFe2

The effect of pressure and temperature on the magnetic properties of hexagonal TiFe2
(C14) was studied with conventional MS up to 20 GPa [LHZ96]. For the series of
NFS experiments TiFe2 was measured at ambient pressure and various temperatures
as a reference sample for antiferromagnetic ordering with a non-magnetic 2a site. Ac-
cording to the ordering temperatureTN � 285K [LHZ96] the NFS spectrum at 294 K
shows no magnetic beat pattern (figure 5.13). The evaluation of the magnetic spectrum
at 20 K revealed the same set of parameters as the mentioned MS experiments: (i) a
magnetic (6h) and a non-magnetic (2a) site in the ratio 3:1, (ii) a hyperfine field of
9.4 T for the 6h sites, (iii) a quadrupole splitting∆EQ = -0.4 mm/s, (iv) two angles
β6h = 90� andβ2a = 0� and (v) an asymmetry parameterη= 0:4 for the 6h sites.
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Figure 5.13: NFS spectra of TiFe2 at ambient pressure for 294 K and 20 K measured
without external field. The solid lines are fits which are explained in the text.

5.3.4 ScFe2

In ScFe2 with hexagonal C14 structure a series of NFS spectra was measured up to
51 GPa. Since the magnetization in ScFe2 does not saturate up to about 4 T [NY86]
the sample could not be fully polarized with the available external field of 0.75 T and
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Figure 5.14: NFS spectra of ScFe2 at various pressures, measured at 294 K without
external field. The solid lines are fits which are explained in the text.

the NFS spectra are recorded only without external field (figure 5.14). The spectrum
at ambient pressure exhibits the familiar shape with two pronounced beatings around
50-80 ns, indicating a well-defined hyperfine field at all Fe sites. At higher pressures
a strong decrease of the magnetic hyperfine fields is observed. Above 26 GPa the
beat pattern changes drastically and the spectrum at 51 GPa indicates the absence of
magnetic order at 294 K. The minimum is caused by thickness effects.

The spectra are fitted according to the hexagonal structure of ScFe2 with two subspec-
tra in a ratio 3:1 representing the 6h and 2a sites withβ6h = 90� andβ2a = 0� (see
section 5.1.2). Due to the small influence of the quadrupole interaction∆EQ on the
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Figure 5.15: Experimental results for the magnetic hyperfine fieldsBhf (top) and
quadrupole splitting∆EQ (bottom) in ScFe2 obtained from the NFS spectra at 294 K.
Full symbols forBhf represent average values for all magnetic sites. The open symbols
stand for the total average, including also the non-magnetic 2a sites. For comparison the
values from Mössbauer studies [Lu00, Rup99a] are also given (triangles). The solid line
represents a linear fit to the data in the low pressure regime.

NFS spectra, this parameter was chosen to be identical for both sites. In order to ob-
tain a reasonable modeling of the data, a relatively strong magnetic texture has to be
considered (35%). For pressures above 21 GPa a distribution of hyperfine fields with
a width of 2% (21 GPa) to 5% (35 GPa) of the mean value was assumed. The results
for ∆EQ and the magnetic hyperfine fieldsBhf are plotted in figure 5.15.

At ambient pressure, the 6a and 2a sites show the same hyperfine fieldBhf of 17.7 T.
The low-pressure region up to about 20 GPa is characterized by a linear decrease of
Bhf following d Bh f=d P =�0:160(10)T=GPa, identical for both sites. At 35 GPa the
hyperfine field of the 2a sites drops to zero whereas the field at the 6h sites is reduced to
about 10 T. This behaviour is similar to the situation in TiFe2 and indicates a pressure-
induced transition of the ordering type in ScFe2 from ferro- to antiferromagnetism
exhibiting a reduced hyperfine field at the 6h sites and a non-magnetic 2a site.

This decrease of the magnetic hyperfine fields is not simply due to a decrease of the
ordering temperatureTm, i.e. an increase ofT=Tm. This is proved by additional exper-
iments at high pressureand low temperature, which reflect a decrease of the magnetic
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Figure 5.16: (top) NFS spectra of ScFe2 at 51 GPa� and various temperatures, measured
without external field. The solid lines are fits which are explained in the text. (bottom)
Corresponding results for the magnetic hyperfine fieldsBhf. Full symbols represent aver-
age values for all magnetic sites. The open symbols stand for the total average, including
also the non-magnetic 2a sites.

Fe moment.5 Figure 5.16 shows NFS spectra at 51 GPa� and various temperatures
down to 50 K.6 The "slow" beat pattern at 50 K reveals a value ofBhf = 4.5 T. Fol-
lowing the linear relation betweenBhf andµFe in [BCK90], this hyperfine field corre-
sponds toµFe = 0:3µB. The evaluation could not be performed with a fixed ratio of 3:1
for the two subspectra, but revealed a coexistence (ratio about 1:1) of a magnetic and
a non-magnetic site (as observed in TiFe2).

5Mössbauer studies at 77 K indicate a reduction ofBhf from 19.7 T at 0 GPa to 10.4 T at 40 GPa
[Rup99a]. This corresponds to a moment reduction from 1.3µB to 0.7µB.

6The pressure of 51 GPa� was measured at 294 K. Similar to the experiments with YFe2 at 15 K, the
"*" indicates the occurence of a pressure increase at low temperatures, estimated to be 10% at 50 K.
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5.3.5 Measurement of Isomer Shifts

The objective of this section is to demonstrate the feasibility of measuring isomer shifts
S with the57Fe resonance using a reference sample as introduced in chapter 5.3.5. The
knowledge ofS gives information on the electronic charge density at the nucleus, a
higher charge density leads to a smallerS. An ideal reference sample should exhibit a
relatively sharp single nuclear resonance and an effective thickness comparable to the
effective thickness per resonance line of the sample.

During the different runs of NFS experiments several attempts have been made to
measure the isomer shift of YFe2 at different pressures with an enrichedK4Fe(CN)6
reference (powder) sample, embedded in paraffin. Although this reference provides a
sharp single resonance line and an adjustable thickness, the NFS spectra of the com-
bined samples could not be analysed: the random thickness distribution of both sample
and reference leads to undefined experimental conditions.

Stainless steel foils with uniform geometrical thickness were available for us only in
non-enriched form and their use as a reference sample is therefore hampered by the
strong electronic absorption; for instance a 50µm (25µm) thick foil has an effective
thickness ofχ= 15 (7.5) and an absorption of more than 90% (70%) at 14.4 keV.

Three examples of isomer shift measurements are shown in figure 5.17a for YFe2 at
0 GPa, 25 GPa and 92 GPa measured together with stainless steel absorbers (Bext =

0:75T for 0 and 25 GPa). The spectrum at 92 GPa was obtained in the last run at ESRF
(April 1999) using focusing optics (see 4.1.3) and an already prepared DAC from MS
studies performed in Paderborn [Rup99a]. For the fits of the NFS spectra the results
from accompanying measurements of the pure YFe2 sample and the stainless steel foils
are combined with the isomer shift as the only free parameter. The fitted values for the
isomer shift of YFe2 relative to stainless steel are 0.03(4) mm/s, -0.21(4) mm/s and
-0.51(4) mm/s for 0, 25 and 92 GPa. It should be mentioned that the sign ofS can not
be determined definitely from NFS alone. For YFe2 at 0 GPa the positive sign was
confirmed by conventional MS whereas the negative sign at 25 and 92 GPa follows
from the well-known negative pressure derivative ofS (describing an increase of the
s-electron density with reduced volume).

Once the sign ofS is fixed, the combined spectrum of YFe2 at 25 GPa and the stainless
steel absorber provides the possibility to determine the (negative) sign of the EFG with
NFS. This special case is due to the fact that the asymmetry of the energy spectrum at
25 GPa (see right panel of figure 5.17a) is governed by the sign of the EFG providing
a clear distinction between positive and negative values. Furthermore, this energy
spectrum at 25 GPa demonstrates, when compared with the spectrum at 0 GPa, the
increase of∆EQ and the decrease ofBhf (see figure 5.9).

The results forS are plotted in figure 5.17b relative to the isomer shift at ambient pres-
sure; they agree quite well with values from MS [Rup99a]. The accuracy for the mea-
surement of isomer shifts with NFS depends very much on the specific combination of
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Figure 5.17: (a) NFS spectra of YFe2 measured together with stainless steel (SS) as
reference sample. For details of the fits, see text. The corresponding energy spectra
are shown in the right panel with stainless steel (grey line) set to zero. (b) Results for
the isomer shift of YFe2 from these NFS spectra (circles). For comparison with the
results from MS [Rup99a] (triangles) the values for both series are given relative to
the respective isomer shift at ambient pressure. The uncertainty of the MS results is
estimated to 0.01 mm/s [Rup99b].
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sample and reference. It improves significantly with the number of beating periods in
the time spectrum caused by the energy difference of the nuclear resonances in sample
and reference. This is strikingly demonstrated by experiments with the151Eu reso-
nance, where a large difference of about 10 mm/s between the two valence states Eu2+

and Eu3+ and a corresponding beating period of 6 ns in the time window of 100 ns
allows a precise determination of isomer shifts [PLS99]. For the case of57Fe with
rather small differences inS, the precision could be enhanced by NFS measurements
in a longer time window.
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5.4 Discussion

In this section we discuss the pressure-induced changes of the magnetic ordering be-
haviour and Fe moment formation in the investigated Laves phases. Figure 5.18 sum-
marizes, as a function of the Fe-Fe distancedFe�Fe, the NFS results for the mag-
netic ordering temperaturesTm and the averaged hyperfine fieldsBav of YFe2, GdFe2,
and ScFe2. In addition, Tm values for YFe2 from a XRD study of the magneto-
volume anomaly [Rei00], andTm and Bhf values from MS on TiFe2 [LHZ96] are
presented. The structural transformations from C15 to C14 are indicated by vertical
dashed (YFe2) and dashed-dotted (GdFe2) lines [Rei00].

All the present RFe2 systems show a considerable decrease of the magnetic hyper-
fine fields and, concomitantly, of the magnetic Fe moments.7 In table 5.2 the volume
coefficientsΓBh f := �d lnBh f =d lnV at low pressure are listed for the present RFe2

compounds8, indicating that the initial moment reduction becomes more pronounced
at smallerdFe�Fe spacings going from YFe2 to ScFe2 and TiFe2. For YFe2 and ScFe2
the moment reduction is accelerated at higher pressures reaching a coexistence of a
low-moment and a non-magnetic state. The latter properties are very similar to those
of TiFe2 at ambient pressure and low temperatures [LHZ96] and can be attributed
to the hexagonal C14 structure with antiferromagnetic ordering between Fe atoms in
neighbouring 6h planes and non-magnetic Fe atoms in the intermediate 2a sites.

The volume coefficientsΓTm :=�d lnTm=d lnV of the magnetic ordering temperature
at ambient pressure are presented in the last column of table 5.2.9 Regarding the be-
haviour at higher pressures in figure 5.18, the continuous variation ofTm in YFe2 is
of particular interest:Tm increases, despite the moment reduction, fromTC = 535K
at ambient pressure (dFe�Fe = 2.60 Å) to 660 K at 15 GPa (2:52Å) and then drops to
294 K around 75 GPa (2:34Å) and finally to below 15 K at 115 GPa (2:27Å). This
pressure dependence is illustrated in figure 5.18a by a dashed line.

Similar volume effects onTC andµFe are observed for "negative pressure" in hydro-
genated YFe2 [BD76]. In isostructural YFe2H4 with an 8% increase of the lattice
parameter, the ordering temperature is lowered to 308 K, whereas the iron moment is
enhanced by 25% from 1:45µB to 1:83µB. This topic is discussed in more detail in the
next subsection.

Among the studied RFe2 systems, ScFe2 represents the link between YFe2 and TiFe2.
The properties of ScFe2 at ambient conditions, hexagonal structure and ferromagnetic
ordering, are approached by YFe2 at pressures of about 20 GPa (2:50Å). With further
decreasingFe�Fe distance both YFe2 and ScFe2 become antiferromagnetic (dFe�Fe=

7Precise values for the moment reduction were obtained from additional MS studies at low temper-
atures [Rup99a].

8The negative sign in the definition ofΓBh f (and laterΓTm) provides the same sign of pressure and
volume coefficients

9ΓTm is also called themagnetic Grüneisen parameter.

80



Y

Gd

12 N
�-Fe

8 N 12 N

Gd

Y

Sc

C15

a)

b)

C14

Zr
Yb Pr

Ce

*

�-Fe �-Fe

B
(T

)
a
v

T
(K

)
M

Ti

100

200

300

400

500

600

700

800

900

1000

5

10

15

20

25

30

C15C14

C15C14

2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7

Fe-Fe distance (A)

5

10

15

20

25

30

B
a
v

(T
) Sc

Ti

c)
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dFe�Fe µFe Tm K0 dBh f=d p ΓBh f d Tm=d p ΓTm

(Å) (µB) (K) (GPa) (T/GPa) (K/GPa)
YFe2 2.60 1.45 535 133 -0.086(5) -0.61(3) 6a 1.5
GdFe2 2.61 1.6 790 104 -0.175(10) -0.84(3) 3a 0.4
ScFe2 2.48 1.4 542 153 -0.160(10) -1.38(3) - -
TiFe2 2.39 0.7 285 193 -0.258b -5.30 -3b -2.0
α-Fe 2.49 2.2 1043 168 -0.055c -0.3 0c 0

Table 5.2: Magnetic properties ofRFe compounds andα-Fe at ambient pressure;ΓBh f :=
�d lnBh f=d lnV , ΓTm :=�d lnTm=d lnV . The pressure and volume coefficients ofBhf are for
room temperature, except TiFe2 (78 K). References:dFe�Fe andK0 are from [Rei00],µFe and
Tm from [BCK90], a from [BBM74], b from [LHZ96], c from [WBI72].

2:35�2:40Å) and are finally transformed to a non-magnetic state atdFe�Fe� 2:30�
2:35Å. For YFe2 the latter finding is verified by low-temperature experiments at 115 GPa.

Thus, the complete variety of magnetic properties in RFe2 systems with non-magnetic
constituentsR can be reproduced in a single compound, namely YFe2, by the applica-
tion of external pressure. This means that theFe�Fe distancedFe�Fe is a universal
parameter for the iron magnetism in RFe2. This even holds for the structural phase
transformation C15! C14 with decreasingdFe�Fe.

A different behaviour is observed in GdFe2 which also exhibits the C15! C14 transi-
tion but remains magnetically ordered well above room temperature up to the highest
pressures. This is clearly caused by the magnetic Gd sublattice; details are discussed
in section 5.4.2.

5.4.1 Volume Dependence of Magnetic Ordering TemperaturesTm

According to a survey on band structure theory of magnetism in 3d-4f compounds
by M. Richter [Ric98a], the theoretical treatment of Curie temperatures is one of the
most demanding tasks in the field offirst principles theories of magnetic properties.10

Beside the principal problems of electronic band structure calculations delivering only
ground state properties at T = 0 K, physical intuition is needed to parameterize the rele-
vant excitations at elevated temperatures: (i) single-particle spin-flip Stoner excitations
and (ii) collective spin fluctuations, which are of many-particle nature. The importance
of spin fluctuations is reflected by the fact that the energy of a Stoner excitation is equal
to the exchange splitting∆. In pure Fe, however, this splitting (1.8 eV) is far too large

10A recent theoretical study of Y-Fe compounds revealed aTC of 650 K for YFe2 at ambient pressure
[SJ98] which is about 20% higher than the experimental value of 535 K.
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to explain the measured Curie temperature of 1043 K. Whereas the Stoner theory with
the parameterI explicitely includes only intraatomic exchange (which leads to the ex-
change splitting∆), the energy spectrum of collective spin fluctuations depends mainly
on interatomic interaction between neighbouring spins.

In this section the main pressure effects on the intra- and interatomic interactions and
their influence on the magnetic ordering temperatures are discussed. Two "classical"
models are presented, which describe these effects on magnetic ordering temperatures
in magnetic 3d systems.

The most obvious pressure effect in transition metal compounds is the enhanced over-
lap of neighbouring 3d wave functions. Following Heine’s band structure calculations
[Hei67], this leads to an increased 3d bandwidth

W ∝ d�5 ; (5.3)

whered is the interatomic distance. Furthermore, the concomitant lowering ofD(EF)

induces a reduction and, finally, a suppression of the magnetic momentµFe. For RFe2
systems, this effect is directly reflected by the decrease of the magnetic hyperfine fields
with decreasing volume (see table 5.2 and figure 5.18b). Since the energy gain due to
the spin polarization of the Fe 3d band is proportional toµ2

Fe (see equation 5.1), the mo-
ment reduction should destabilize the magnetically ordered phase and, therefore, result
in a decrease ofTC. This is also suggested by the mean-field approach in equation 5.2,
which simplifies for pure Fe magnetism to

3kB TC = 2 aFeFe = 6 AFeFe SFe (SFe +1) (5.4)

) TC ∝ AFeFe µ2
Fe : (5.5)

Interestingly, the opposite behaviour is observed for YFe2, namely an increase ofTC

from 535 K at 0 GPa to 660 K at 15 GPa. This result can be explained by a pressure-
induced increase of the interatomic couplingAFeFe between the Fe moments, which
overcompensates the effect of moment reduction. Using the simple formula 5.5 and
assuming the same volume dependence forµFe andBhf (table 5.2) one obtains a rough
estimation for the increase ofAFeFe in YFe2 at ambient pressure:

ΓTC = � d lnAFeFe

d lnV
� 2

d lnµFe

d lnV
(5.6)

) � d lnAFeFe

d lnV
= ΓTC � 2ΓBh f � 2:7 (5.7)

For higher pressures, one has to take into account that the magnetic 3d moments couple
via direct exchange with overlapping electronic orbitals. From the Pauli exclusion
principle, it is obvious that parallel alignment of neighbouring spins must become
unfavourable at high compression. Consequently, the exchange energy andTC tend to
decrease at higher pressures leading to an antiferromagnetic state.
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Bethe-Slater Curve
A qualitative discussion of the pressure effect on the exchange coupling andTC is given
in the literature in terms of the Bethe-Slater curve (figure 5.19). Here, an interatomic
exchange interaction between twolocalized moments is expressed by the interaction
parameterJ as a function ofdFe�Fe�2r3d, wherer3d is the mean 3d-shell radius at
ambient pressure. Barbara et al. [BGG73] interpreted their results ond TC=d p in YFe2
(5 K/GPa),Y6Fe23 (0.1 K/GPa) andR2Fe17 (-9.8 K/GPa) by the distance dependence
of the exchange interaction along this curve.

The similarity between the shape of the Bethe-Slater curve and theTC dependence of
YFe2 in figure 5.18a suggests that this intuitive interpretation can be extended to the
present results which are obtained for YFe2 just by the application of external pressure.
Since the Bethe-Slater curve is based on the presence of localized magnetic moments,
this implies that the Fe band moment in YFe2 at low pressures exhibits a high degree
of localization. With increasing interatomic interaction at high pressures, reflected by
the suppression ofµFe, the picture of localized moments is not valid any more. The
following model takes the band character of the 3d moment into account.
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Wohlfahrt Model
A more quantitative description of the pressure effect onTC was introduced by Wohl-
fahrt [Woh81, WW81, BBM74] based on the Stoner-Wohlfahrt theory ofitinerant
ferromagnetism. Neglecting the influence of the sp-band,TC is assumed to be propor-
tional to the so-called degeneracy temperatureTF which depends on the shape of the
electron density of statesD(E) at the Fermi energy:

T 2
C = T 2

F (Ī�1): (5.8)

With the abbreviation̄I = I �D(EF ), includingI andD(EF ) from the Stoner criterion,
Ī > 1 leads again to ferromagnetism.

As elaborated in [Woh81] the following pressure dependence can be derived from
equation 5.8 using the compressibilityκ:

d TC

d p
=

5
3
κ TC � κ

α
TC

(5.9)

where α =
5
6

I
Ib

T 2
F : (5.10)

or in terms of volume:

ΓTC =
5
3
� α

T 2
C

; (5.11)

Here, I is the effective andIb the bare intraatomic interaction between the itinerant
electrons (I=Ib < 1). The main assumptions for the derivation of equation 5.9 are a
proportional relationship ofTF and bandwidthW under pressure as well as an electron
density of statesD(EF) ∝ 1=W .

The first term on the right-hand side in equation 5.9 is proportional toTC and hence
dominant for ferromagnets with highTC. This is the case for YFe2 at ambient pressure,
where 5=3κTC = 6:7 K/GPa is close to the experimental value ofd TC=d p = 6 K/GPa
[BB73]. The corresponding value forα is about (220 K)2. However, the overall pres-
sure dependence for YFe2 (with negativeΓTC for relative volumesV=V0� 0:85) can
not be described with a constant value forα. According to equation 5.11, the volume
coefficientΓTC changes its sign, whenα approaches a critical value

αc =
5
3

T 2
C : (5.12)

A rough estimation ofTC � 700 K at the reversal of the ordering temperature in YFe2

can be obtained from the inspection of figure 5.18a (dashed line), leading toαc �
(900 K)2. Neglecting the weaker volume dependence of intraatomic correlationsI=Ib
[Woh81], the necessary increase ofα must be attributed to a fourfold increase ofTF .
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Taking into account the above assumptionTF ∝ W , this enormous increase ofTF and
α is not predicted in the framework of equation 5.9.

Hence, the Wohlfahrt theory can model the volume dependence ofTC in YFe2 only
at low pressures. Considering the underlying simplifications, a real quantitative de-
scription can not be expected. This holds especially for the electron density of states
D(E), which is by far more complex than assumed in the Wohlfahrt model. This is
demonstrated in a band structure calculations of YFe2 [MS85, ADM86], which also
reveals an induced moment of 0.45µB at the Y site, in accordance with NMR studies
[DRM86].

5.4.2 Intersublattice Coupling Under Pressure

In contrast to YFe2, the behaviour of GdFe2 is governed by the interplay of two sepa-
rate magnetic sublattices (3d band magnetism and localized 4f moments). In GdFe2 at
ambient pressure, the Fe sublattice contributes dominantly to the ordering temperature
of 790 K, reflecting a large coupling parameterJFeFe. The higherTC in comparison
to YFe2 (535 K) is due to the exchangeJFeGd between 3d and 4f moments. The cou-
pling parameterJGdGd is smaller and can be estimated from the ordering temperature
TGd = 140K of the Gd sublattice [SW99] (see also the discussion on pages 54-56).

Identifying the behaviour of YFe2 as the pressure dependence of pure iron magnetism
in RFe2 compounds, one must conclude from the results presented in figure 5.18 that
in GdFe2 the Gd sublattice takes over the leading role in the Fe moment formation
above 50 GPa.

Since the Gd 4f moment can be regarded as pressure-independent, this statement has
implications on the two coupling constantsJGdGd andJFeGd above 50 GPa:JGdGd must
be large enough for a magnetically ordered Gd sublattice at room temperature and the
intersublattice couplingJFeGd must be strong enough to induce a magnetic moment at
the Fe sites. The observed average hyperfine field of about 10 T in GdFe2 at 105 GPa
is too large to be simply transferred from the 6 neighbouring Gd atoms [BCK90].

For GdFe2 under pressure, resistivity measurements revealed a strong increase ofTGd

to about 180 K at 7 GPa [Str00]. The corresponding volume coefficientd TGd=d lnV =

�1040(300)K can be used for an extrapolation to 50 GPa (�25% volume reduction),
indicating thatTGd reaches room temperature at that pressure.11

As mentioned in section 5.1.2 the interaction between the Gd and Fe sublattices is
mediated by a hybridization between Fe 3d and Gd 5d states, where the latter are
spin polarized by the 4f moments. When pressure is applied, the 3d-5d overlap will

11Another example for a pressure-induced increase of 4f-4f spin coupling was given in a recent NFS
study by the Paderborn group. Here, the magnetic ordering temperature in EuTe was found to increase
from 10 K at ambient pressure (NaCl phase) to almost 100 K at 22 GPa (CsCl phase) [LPH99, RW99,
LRW00].
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strongly increase leading to an enhanced coupling constantJFeGd. This qualitative
volume dependence was experimentally verified by Liu et al. for a variety of Er-Fe
compounds with different molar volumes [LBC94]. This study was also accompa-
nied by theoretical calculations of a hypothetical GdFe2 with the lattice parameters of
ErFe2, corresponding to a reduction of the GdFe2 lattice parameter by 1.5%. The cou-
pling parameterJFeGd was found to be almost 10% larger than for the uncompressed
lattice. Hence, alsoJFeGd can be considered to increase strongly in the investigated
pressure range.

Summarizing, the observations for pure iron magnetism in YFe2 and the pressure-
induced increase of the coupling parametersJGdGd andJFeGd support the conclusion
that the magnetic strength of the Gd sublattice surpasses that of the Fe sublattice above
50 GPa and becomes the driving force for the Fe moment formation. A more quanti-
tative discussion requires the determination of ordering temperatures in GdFe2 at high
pressures, a demanding task for future NFS experiments. It should be further remem-
bered that we are concerned, above 50 GPa, with GdFe2 in the C14 structure.
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Chapter 6

Lattice Dynamics in Iron Under
Pressure

This chapter is concerned with the study of lattice dynamics in the bcc and hcp phase of
iron at pressures up to 42 GPa. For this challenging task the new technique of Nuclear
Inelastic Scattering of synchrotron radiation is employed, which has been introduced
in chapter 3.3. In the first part (chapter 6.1), the general high-pressure behaviour of
elemental iron is discussed considering also its geophysical relevance. Some principle
features and equations of lattice dynamics which are necessary for later discussion are
summarized in the second part. The rest of the chapter is devoted to the experimental
results and their discussion.

6.1 Iron Under Pressure

The inner core of the Earth consists almost entirely of iron or an iron-rich alloy. This
geophysical aspect is one of the many motivations to study the phase diagram of iron
with its various allotropes in a wide pressure and temperature range (see figure 6.1).
This holds especially for the hcp high-pressure phase of iron (ε-Fe), which is con-
sidered to be the most relevant phase for the inner core [YAC95] with pressures of
300-400 GPa and temperatures between 4000 K and 8000 K. At ambient pressure and
temperature, iron is ferromagnetic and crystallizes in the bcc structure (α-Fe). The
phase transformation fromα-Fe toε-Fe around 13 GPa was first reported by Bancroft
et al. [BPM56]. As evidenced later,ε-Fe is nonmagnetic down to 30 mK [CTW82].
Depending on the employed pressure-transmitting medium, theα-ε transformation ex-
hibits a broad coexistence range of both phases [BB90, TPJ91]. The transition interval
(the pressure range between onset and completion of the transition) increases with the
shear strength of the pressure medium from less than 0.2 GPa in helium to 15 GPa in
Al2O3.
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Beside an enormous amount of experimental work related directly to theα-ε phase
transformation, e.g. with x-ray diffraction [MBT67], shock-waves [BH74] and x-ray
absorption [WI98], there is also recent theoretical work on this martensitic phase tran-
sition [MJ96, BW97, EEB98].

While a considerable amount of crystallographic data on the pressure/temperature
phase diagram of Fe is available, there is, due to the difficult access, less experimental
information on the lattice dynamics of iron under pressure, especially in the hcp phase.

6.2 Lattice Dynamics

In general, the lattice dynamics of solids are described by phonons, which are char-
acterized by their dispersion relationsω j(~k) for different branchesj and by their den-
sity of states (DOS)g(E). The dispersion relations are usually measured with single-
crystalline samples using inelastic neutron scattering (see e.g. [AM76]). Correspond-
ing spectra forα-Fe at ambient conditions and forγ-Fe at ambient pressure and 1428 K
can be found in [MSN67] and [ZS87], respectively. The phonon DOSg(E) can be cal-
culated from nearest-neighbour force constants [GR66], which are obtained by fitting
the experimental results with a Born-von-Karman model [MSN67] (see figure 6.2).

However, experimental work with inelastic neutron scattering under pressure is diffi-
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cult due to the requirement of large sample volumes (> 10 mm3) and the limited flux of
existing neutron sources [KBS95]. Exploratory measurements at pressures up to 7 GPa
are reported for Fe3Pt using a sample volume of 25 mm3 [KBS95]. A set of transverse
acoustic phonon frequencies has been measured forGe up to 9.7 GPa [KBB97]. Infor-
mation on the phonon dispersion is also accessible from the rapidly developing field of
inelastic x-ray scattering with synchrotron radiation. Here, first high-pressure studies
are performed forCdTe at 7.5 GPa [KMM97]. Optical vibrational modes at the zone-
center (Γ point) can be investigated with Raman spectroscopy. Corresponding pressure
experiments are reported by Olijnyk et al. for Zr metal up to 16 GPa [OJ97].

In contrast to inelastic scattering with neutrons and x-rays, Nuclear Inelastic Scattering
(NIS) gives direct access to the phonon DOS without the necessity of measuring the
full dispersion relations. Since NIS requires only polycrystalline samples, the experi-
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Figure 6.2: (top) Dispersion relation forα-Fe at ambient conditions from inelastic neu-
tron scattering [MSN67]. (bottom) The solid line represents the derived phonon DOS.
The dashed line shows the Debye approximation, calculated from equation 6.5 with
ΘD = ED=kB = 420 K.
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ments are not hampered by pressure-induced structural phase transformations, which
limit neutron or x-ray scattering studies, requiring single crystals.

The principles and terminology of particular aspects of lattice dynamics are discussed
below:

6.2.1 Debye Model

According to [AM76] the normalized phonon DOSg(E) can be expressed in the gen-
eral form as

g(E) =
V

(2π)3 ∑j

Z
δ(E �h̄ω j(~k)) d~k ; (6.1)

whereV is the volume of the unit cell and the integral is taken within the first Brillouin
zone. Similar to the case of the electronic DOS, this equation can be written in an
alternative form [AM76]:

g(E) =
V

(2π)3h̄
1
3 ∑j

Z
d S

j∇ω j (~k)j
; (6.2)

where the integration is now taken over that surface in the first Brillouin zone on which
h̄ω j(~k)� E. Due to the periodicity ofω j(~k), there will be a series of discontinuities in
g(E), reflecting the fact that the group velocity appearing in the denominator of equa-
tion 6.2 must vanish at some frequencies. As in the electronic case, the discontinuities
are related to van Hove singularities.

In the Debye approximationgD(E) of the phonon DOS, the same linear dispersion
relationω = v k is assumed for the three acoustic branches ofω j(~k) with an average
sound velocityv. In addition, the integral in equation 6.1 is replaced by an integral
over a sphere of radiuskD, chosen to fulfil the normalization condition forgD(E):

gD(E) =
V

(2π)3

Z

k<kD

δ(E � h̄ vk) d~k (6.3)

=
V

2π2

kDZ

0

k2 δ(E � h̄ v k) d k (6.4)

=

8<
: α E2; E � ED

0 ; E > ED

(6.5)

with ED = h̄v kD and α=
V

2π2h̄3 v3
: (6.6)
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For the above transformations the relations
R

d~k = 4π
R

k2 d k, E = h̄vk andd k =

d E =h̄v have been used. The cut-off energyED is determined by the normalizationR
gD(E)dE = 1:

ED = (α=3)�1=3
=

�
V

6π2h̄3 v3

�
�1=3

: (6.7)

Consequently, the complete phonon DOSgD(E) is determined by a single parameter,
namelyED. It is often convenient to define a Debye temperatureΘD = ED=kB as a
measure of the temperature, above which all phonon modes begin to be excited and
below which modes begin to be "frozen out". Both,ED andΘD, can be also regarded
as measures of the rigidity of the crystal. For iron at ambient conditions a value of
ΘD = 420 K can be derived from high-temperature specific heat data [AM76]. The
Debye approximation for the phonon DOS ofα-Fe is shown in figure 6.2 together with
the experimental data derived from neutron scattering. Under pressure, the phonon
energies and hence the Debye temperatureΘD should increase, since a normal solid
becomes more rigid under compression. The pressure dependence ofΘD is usually
given in terms of the Debye-Grüneisen parameterγD, which is discussed in the next
subsection.

6.2.2 Grüneisen Parameter

The theory of harmonic lattice vibrations fails in the description of important physical
phenomena such as thermal expansion and the volume dependence of elastic coeffi-
cients. It is evident that these effects of anharmonicity in the interaction energy should
have a decisive impact on the equations of state of condensed matter under strong
compression.

Usually, the harmonic theory is expanded for aquasi-harmonic lattice by taking into
account anharmonicities only through mode Grüneisen parameters

γi =�d lnωi=d lnV (6.8)

for the volume dependence of the lattice mode frequenciesωi. In most cases, the Mie-
Grüneisen approximation is used which implies that all mode Grüneisen parametersγi
can be replaced by one common average valueγ, which depends only on the volume
(see [AM76, Hol96]). In the Debye model, where all mode frequencies scale linearly
with the cut-off energy, one obtains

γD =�d lnΘD=d lnV : (6.9)

Within the Debye approximation, the parameterγD becomes identical to thethermo-
dynamic Grüneisen parameter

γth = αV KT V =cV ; (6.10)
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with the volume expansion coefficientαV, the isothermal bulk modulusKT , the volume
V and the isochoric heat capacitycV. Thusγth is composed of individual measurable
physical quantities, each of them varying significantly with temperature. However, the
ratio of these properties is almost independent of temperature. Usually one observes
1< γth < 2, and generallyγth decreases as the volume decreases.

Important geophysical significance ofγD in the case of iron results from the Lindemann
law in the form

d lnTm

d lnρ
= 2

�
γD�

1
3

�
; (6.11)

which relates the melting temperatureTm to the densityρ. 1 Equation 6.11 can be
used to extrapolate existing melting data up to 200 GPa [Boe93] to the pressure of the
outer-inner core boundary at 330 GPa. Furthermore,γ is needed for the evaluation of
shock-wave data up to 240 GPa [BM86] and their extrapolation to 330 GPa.

Estimates on the temperature profile of the Earth’s core rely on the assumption that
the boundary between the solid inner core and the liquid outer core is at the melting
temperature of the core material. Given that the core is composed of an iron-nickel
alloy with small amounts (< 10%) of lighter elements, and accounting for the fact that
impurities tend to lower melting temperatures, theTm value for pure iron at or near
330 GPa would place an upper limit to the boundary temperature [Buk99].

A further important aspect ofγ is connected with the heat of crystallization at the
solid-liquid core boundary which depends onγ [AD97]. This continuously generated
thermal energy is the driving force for the Earth’s magnetic field, which is produced
by convection in the electrically conducting outer core [Ols97]. Furthermore, the core
provides sufficient heat to influence even mantle convection and hence tectonic mo-
tions, earthquakes and volcanism [Buk99].

6.2.3 Elastic Coefficients and Aggregate Velocities

Another significant aspect of lattice dynamics is the propagation of sound waves in
matter. In the case of iron, the geophysical relevance of sound waves under pressure is
obvious since seismic waves are the most important probes for the internal structure of
the Earth (see figure 6.3). Of actual interest are the sound velocities in theε-phase of
iron, since seismic wave experiments indicate an anisotropy of the sound velocities in
the Earth´s inner core [Cre92] and a differential rotation of the inner core with respect
to the adjacent liquid outer core [SR96].

1The representation 6.11 of the Lindemann law is developed for example in [And95] assuming a
Debye-like solid and a Grüneisen parameterγD following equation 6.9. In its original form (see e.g.
[Gsc64]), the Lindemann law includes a special "melting Debye temperature"Θm

D and thus a special
Grüneisen parameterγm. However, as shown in [Gsc64], the approximationγm � γD is valid for a large
number of elements.
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Figure 6.3: Schematic structure of the Earth’s interior with different layers as derived
from seismological observations (adapted from [Hol98b]). Whereas the mantle is made
up of minerals and rock, the liquid outer core and solid inner core consist mainly of iron.
An estimation for the boundary temperature between outer and inner core is provided by
the melting temperature of iron.

Sound waves are intimately related to the elastic properties of solid materials. In or-
der to compare studies of sound velocities and elastic coefficients, this relationship is
briefly discussed in the next paragraphs following [SAS73].

Elastic coefficients are defined in terms of the response of a crystal to an applied stress.
In the most general case, a 6x6 matrixC with 36 elastic stiffness coefficientsci j is used.
Its inverse is called elastic complianceS . In the absence of body torques both matrices
are symmetric and the number of independent elastic coefficients reduces to 21 in the
lowest-symmetry case of a triclinic crystal. For higher crystal symmetry, this number
is further reduced: for a hexagonal system to five and for a cubic system down to three.

The bulk modulusK and the shear modulusG of polycrystalline solids can be calcu-
lated fromC andS with various averaging schemes. The Voigt approximation is based
on the assumption that thestress is uniform throughout the sample and gives:

KV =
1
9
(c11+ c22+ c33)+

2
9
(c23+ c13+ c12) ;

GV =
1
15

(c11+ c22+ c33)�
1
15

(c23+ c13+ c12)+
1
5
(c44+ c55+ c66) ;
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whereas the Reuss scheme assumes an uniformstrain providing:

1
KR

= (s11+ s22+ s33)+2 (s23+ s13+ s12) ;

1
GR

= 4 (s11+ s22+ s33)�4 (s23+ s13+ s12)+3 (s44+ s55+ s66) :

The Voigt and Reuss averaging schemes determine upper and lower limits for the poly-
crystalline moduli. Their arithmetic mean is usually used as the most probable values
for K andG.

For cubic systems, symmetry aspects lead toc11 = c22 = c33, c12 = c23 = c31, c44 =

c55 = c66. For hexagonal systems one obtainsc11 = c22, c13 = c23, c44 = c55, c66 =

(c11� c12)=2.

The so-called aggregate velocities can be calculated fromK, G and the densityρ for

longitudinal or compressional waves: v2
p =

�
K +

4
3

G

�
=ρ ; (6.12)

and for transversal or shear waves: v2
s = G=ρ : (6.13)

The commonly used notation with subscriptsp for "primary" ands for "secondary"
originates from seismology because the longitudinal waves are faster and detected ear-
lier than the shear waves.

The velocities vp and vs are simply related to the mean sound velocityv in the Debye
model (equation 6.5), because the sum over three acoustic branches in equation 6.1
with a mean sound velocityv can be replaced by the sum over one longitudinal branch
with sound velocity vp and two transverse branches with sound velocity vs:

3

v3 =
1
v3

p
+

2
v3

s
: (6.14)
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6.3 Nuclear Inelastic Scattering in Iron

Now we turn to the experimental results which were obtained with Nuclear Inelastic
Scattering (NIS). A tiny57Fe sample of 0.5µg was pressurized in a diamond-anvil cell
as explained in chapter 4. In the first part of this section we present the measured NIS
spectra and the extraction of the phonon DOS. The second part covers the derivation
of related properties and their discussion.

6.3.1 NIS Spectra

The NIS spectra were measured forα-Fe (0 GPa, 6 GPa and 11 GPa) andε-Fe (20 GPa,
32 GPa and 42 GPa) at room temperature (294 K). At 20 GPa and higher, the addi-
tionally measured NFS spectra revealed the non-magnetic phase of iron, confirming a
complete structural transition toε-Fe. The energy spectra are shown in figure 6.4 after
normalization with Lipkin’s sum rule (equation 3.28). They consist of a central peak
originating from elastic scattering and sidebands resulting from inelastic scattering
with concomitant annihilation (left side) and creation (right side) of phonons. Accord-
ing to equation 3.31 the relative weight of the two sidebands is given by exp(jEj=kB T ).
Under pressure, the main spectral features are shifted to higher energies, reflecting an
increase of lattice vibration frequencies; consequently, the asymmetry gets more pro-
nounced at higher pressures.

The spectrum at ambient pressure is shown with the corresponding spectrum calculated
with the phonon DOS from neutron scattering [MSN67] using equations 3.25, 3.26 and
3.27. For comparison it is convoluted with the present spectrometer function. The two
data sets are shown in absolute scale without any adjustable parameter, demonstrating
good agreement between the two methods.

As outlined in section 3.3.2, NIS spectra of iron are dominated by single-phonon scat-
tering. The small contribution of multi-phonon scattering is clearly visible at the high-
energy side of the spectra (indicated by a little arrow in the spectrum at ambient pres-
sure). It amounts less than 12% of the total intensity of the sidebands.

The spectra shown in figure 6.4 are added from 20-30 single energy scans of the high-
resolution monochromator (HRM) in a range of about�110 meV around the nuclear
resonance. Before summing up, the energy scale of every single scan is calibrated with
the zero position from the resolution function, measured in forward direction.

All spectra at high pressure were measured with a nested HRM composed of two chan-
nelcut Si(4 2 2) and Si(12 2 2) crystals. The spectrum at ambient pressure was recorded
in an earlier beamtime with a similar monochromator but using Si(4 2 2)/Si(9 7 5) re-
flections. The corresponding energy resolutions are obtained by fitting the measured
resolution functions with a Gaussian shape (see table 6.1). For ambient pressure and
above 20 GPa (ε-Fe) the observed resolution matches the expected values of�4.4 meV
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Figure 6.4: Energy dependence of Nuclear Inelastic Scattering inα-Fe (left) andε-Fe
(right) at various pressures. The spectra are normalized according to equation 3.28. The
intensityof the inelastic sidebands is proportional to (1-f LM); it decreases with increasing
pressure by about 50%, reflecting the change in the recoil-free fraction,fLM, from 0.80
to about 0.90 (see table 6.2). The solid line at 0 GPa is calculated from neutron data
[MSN67], convoluted with the spectrometer function. The little arrow in the spectrum
at ambient pressure indicates the small contribution of multi-phonon scattering.

and�6.4 meV, respectively. However, the spectra at 6 GPa and 11 GPa show higher
values of 7.9 meV and 9.8 meV. The reason for this resolution broadening is not com-
pletely clear. A defective HRM adjustment can be rejected, because all spectra are
measured with the same set-up in the sequence 20 GPa, 32 GPa, 6 GPa, 11 GPa,
42 GPa. One possible reason for the energy broadening is the interplay between focus-
ing optics, pre-monochromator and the HRM, since the spot size of the concentrated
synchrotron radiation (100µm x 100µm) matches the sample size for 20 - 42 GPa, but
is considerable smaller than the sample at 6 - 11 GPa (diameter 250µm).
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Pressure (GPa) FWHM (meV)
0 4.6
6 7.9
11 9.8
20 6.5
32 6.5
42 6.4

Table 6.1: Energy resolution for the NIS experiments obtained as the FWHM (full width at
half maximum) of a Gaussian which is adjusted to the forward scattered energy spectrum.

6.3.2 Extracted Phonon DOS

The procedure to extract the phonon DOSg(E) from the NIS spectra was introduced
in detail in section 3.3.2. For this purpose the spectra were normalized and multi-
phonon contributions as well as the central elastic peak were subtracted. The remaining
spectrum represents the single phonon contribution, from whichg(E) was extracted
(equation 3.26)2.

In order to verify the normalization of the resulting phonon DOS, the areas were cal-
culated. They showed a slight variation around unity with a mean deviation of 3.1%.
In a previous NIS study of the temperature-dependent behaviour of elemental iron
[CRB96], a similar deviation of 2.3% was found and attributed to statistical errors.
The uncertainty of the normalization was corrected by renormalizing eachg(E).

The resulting phonon DOS forα-Fe andε-Fe are shown in figure 6.5. The DOS at am-
bient pressure is again well described by the solid line representing the data from neu-
tron scattering [MSN67]. A strong increase of all spectral features with pressure is ob-
vious. The resolved high-energy maximum of the DOS, originating mainly from longi-
tudinal acoustic (α-Fe) and longitudinal acoustic and optical (ε-Fe) phonon branches,
is shifted from 35 meV inα-Fe at ambient pressure to 51 meV inε-Fe at 42 GPa. The
observed changes in the phonon spectra reflect mostly the reduced volume of the unit
cell; modifications resulting from the structural transition are small for mono-atomic
lattices (see e.g. [AAM93]) and are not resolvable with the present energy resolution.
The present resolution, however, is sufficient to derive a set of related parameters from
the integral properties of the phonon DOS.

2In general, it is possible to extract the phonon DOS individually from both sides of the NIS spectra
(see figure 3.12). In practice, the (left) annihilation part is usually discarded due to its lower statistical
accuracy.
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Figure 6.5: Phonon DOSg(E) for α-Fe andε-Fe derived from the NIS spectra in fig-
ure 6.4. The solid line represents the DOS from neutron scattering [MSN67], convoluted
with the spectrometer function.

6.3.3 Derived Properties

The phonon DOSg(E) is of fundamental importance for the study of lattice dynamics.
Its knowledge provides information on the lattice rigidity as well as thermodynamic
properties according to the following equations and figures. The results are summa-
rized in table 6.2. In order to examine the reliability of the derived parameters, they are
compared with those from neutron data ofα-Fe at ambient pressure (first line in table
6.2).
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PressureV/V0 fLM (area) fLM (DOS) h∆x2i Fvib Uvib cV Svib D v
(GPa) (10�3 Å2) (meV/at.) (meV/at.) (kB/at.) (kB/at.) (N/m) (km/s)

neutron 1 - 0.801(4) 4.15 5.9 83.6 2.71 3.07 173 3.54
0 1 0.791(6) 0.802(4) 4.13(8) 7.4(10) 83.4(15) 2.70(3) 3.00(3) 185(12) 3.57(10)
6 0.967 0.848(12) 0.852(8) 3.00(16) 23.1(20) 87.0(30) 2.58(6) 2.52(6) 279(25) 4.10(25)
11 0.945 0.855(12) 0.870(8) 2.61(16) 29.6(20) 89.4(30) 2.52(6) 2.36(6) 322(25) 4.16(25)
20 0.862 0.883(6) 0.882(4) 2.35(8) 31.5(10) 90.0(15) 2.51(4) 2.31(4) 320(15) 4.82(15)
32 0.828 0.893(6) 0.893(4) 2.12(8) 38.1(10) 91.8(15) 2.44(4) 2.12(4) 365(15) 5.00(15)
42 0.805 0.898(6) 0.897(4) 2.03(8) 40.8(10) 93.0(15) 2.42(4) 2.06(4) 388(15) 5.14(15)

Table 6.2: Properties of iron atT = 294K: Lamb-Mössbauer factorfLM derived from the area of the inelastic spectrum and from the
density of phonon statesg(E), mean-square displacementh∆x2

i; lattice contribution to Helmholtz free energyFvib, internal energy
Uvib, isochoric specific heatcV and entropySvib; mean force constantD and mean sound velocityv, derived from the low-energy
part ofg(E). For details see text. V/V0 : relative volume of unit cell obtained from the compressibility data forα-Fe [MBT67] and
ε-Fe [MWC90] withV0 = 7:093 cm3/mol. The uncertainties given in brackets represent statistical standard deviations. The error in
the recoil fraction 1 -fLM was estimated by the normalization uncertainty ofg(E).
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Lattice Rigidity

First, the Lamb-Mössbauer factorfLM, describing the elastic (recoil-free) fraction of
nuclear scattering, can be calculated fromg(E) using an equation from Singwi and
Sjölander [SS60]:

fLM = exp

0
@�ER

∞Z

0

g(E)

E
1+ e�E=kB T

1� e�E=kB T
dE

1
A : (6.15)

As mentioned in chapter 3.3.2,fLM can be also determined from the area under the
normalized NIS spectrum (= 1� fLM). The values for both procedures are listed in
table 6.2 and show rather good agreement. Due to the possibility to renormalize the
obtainedg(E), the fLM(DOS) values from equation 6.15 are less influenced by experi-
mental error [CRB96]. They are used to calculate the mean-square displacement

h∆x2i=� ln( fLM)

k2 ; (6.16)

using the wave vector k = 7.31 Å�1 of the 14.413 keV quanta.

The Lamb-Mössbauer factorfLM(DOS) fromg(E) and the mean-square displacement
are plotted in figure 6.6. Inα-Fe fLM shows a steep increase from 0.802(4) at ambient
pressure to 0.870(8) at 11 GPa. After the phase transition the slope is strongly reduced
and a value of 0.897(4) is reached at 42 GPa (V/V0 = 0.805). Since the recoil-free
fraction fLM can not exceed the value of 1, the pressure effect on the lattice dynamics
from 0 GPa to 42 GPa is more pronounced in the mean-square displacementh∆x2i,
which is reduced by 50% from 4.13(8)�10�3 Å2 to 2.03(8)�10�3 Å2.

The hardening of the crystal lattice is also reflected by the behaviour of the mean
force constantD. Following [CS99, KCR98],D(~s) can be obtained along the direction
~s =~k=k of the incident x-ray beam using the massm of the vibrating atoms:

D(~s) =
m

h̄2

∞Z

0

g(E)E2 dE: (6.17)

In the investigated pressure range,D shows a strong increase from 185(12) N/m to
388(15) N/m.

The mean sound velocityv can be determined from the low-energy part ofg(E), where
one can assume a linear relation between the phonon frequencyω and the lattice k-
vector. With an average slopev = ω=k for the three acoustic branches, a quadratic
energy dependency is obtained (see equation 6.5 and [KCR98]).
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The low-energy parts up to 15 meV are shown in more detail in figure 6.7 together
with a quadratic fitg(E) = αE2 to the experimental data. In order to increase the
number of data points for the fit, the phonon DOS from both sides of the NIS spectra
is used. According to equation 6.6, the mean sound velocityv was derived fromα and
the corresponding volumeV for each pressure (see fig 6.6).

In contrast tofLM the values ofv indicate a discontinuity at the phase transition. When
the transition pressure is approached, a jump by 16% from 4.16(25) km/s at 11 GPa to
4.82(15) km/s at 20 GPa is observed. Within theε-phase the change is smaller andv
increases only to 5.14(15) km/s at 42 GPa.
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Figure 6.7: Plot ofg(jEj) up to 15 meV for each pressure together with a quadratic fit to
the experimental data. For clarity the spectra are successively shifted by 0.008 meV�1.
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Thermodynamic Properties

The vibrational contribution to a variety of thermodynamic properties can be calculated
from g(E) in the quasi-harmonic approximation, beginning with the Helmholtz free
energyFvib and deriving the internal energyUvib, the specific heatcV and the entropy
Svib [JM85]:

Fvib = 3kB T

∞Z

0

g(E) ln
h
e E=2kB T � e�E=2kB T

i
dE (6.18)

Uvib = F �T

�
∂F
∂T

�
V
=

3
2

∞Z

0

g(E)E
e E=kB T

+1

e E=kB T �1
dE (6.19)

cv =

�
∂U
∂T

�
V

= 3kB

∞Z

0

g(E)
(E=kB T )

2 e E=kB T

(e E=kB T �1)2
dE (6.20)

Svib = �
�
∂F
∂T

�
V

= 3kB

∞Z

0

g(E)

"
(E=kB T )

2
e E=kB T

+1

e E=kB T �1
(6.21)

� ln
�

e E=2kB T � e�E=2kB T
�i

dE:

Using the Bose occupation factornB(E;T) = 1=(exp(E=kB T )�1), the equation for
Uvib simplifies to

Uvib = 3

∞Z

0

g(E)E

�
1
2
+nB(E;T )

�
dE: (6.22)

This equation elucidates the definition ofg(E)dE as the number of phonon states
within the energy interval [E,E + dE], which has to be multiplied with the energy
E (nB(E;T ) + 1=2) of the corresponding harmonic oscillators to obtain the internal
energyUvib.

The pressure dependence of the thermodynamic parameters at 294 K (figure 6.8) in-
dicates a discontinuos behaviour at theα-ε phase transition reflecting the different
thermodynamic properties of the two phases. Whereas the pressure-induced increase
of Fvib andUvib demonstrates the energy gain of the lattice vibrations, the decrease of
cV andSvib can be interpreted in terms of a decreasing effective crystal temperature at
high pressure. This effective crystal temperature can be defined as the ratioT=ΘD of
the real temperatureT and the Debye temperatureΘD. The latter is discussed in the
next section.
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Figure 6.8: Thermodynamic properties of iron atT = 294K derived fromg(E): lattice
contribution to Helmholtz free energyFvib, internal energyUvib, isochoric specific heat
cV and entropySvib. The dashed lines are guides to the eye.
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Debye TemperatureΘD

One of the basic features of the Debye model is the representation of the phonon DOS
gD(E) by a single parameterΘD (see page 92). This allows an easy discussion of the
volume dependence of the phonon DOS with the widest impact on the related proper-
ties. Since the actualg(E) for a real solid is generally not completely Debye-like, it
can not be described by a single parameter. However, in the absence of experimental
data ong(E), the measured temperature dependence of thermodynamic properties is
usually approximated assuming a Debye-like behaviour, e.g. forcV(T ), and within
this approximation a single parameterΘD is obtained. In principle, these Debye tem-
peratures are related to the energy part of the phonon DOS, which determines the
behaviour of the corresponding thermodynamic property. A well-known example is
the Debye temperature derived from the specific heatcV(T ) in different temperature
regions: whereas the low-temperature part ofcV(T ) is governed by low-energy vi-
brations, the high-temperature part includes information about the complete phonon
spectrum (see e.g. [Gsc64]). The two resulting Debye temperatures are usually called
low-temperature limit and high-temperature limit ofΘD.

In the case of a measured phonon DOS, a Debye temperature can be assigned directly
to the functiong(E). Using certain properties of the Debye DOSgD(E), three different
possibilities to determineΘD directly from the experimentalg(E) are obvious: the
extraction ofΘD from

1. the low-energy part ofg(E) =αE2 from which also the mean sound velocity was
derived. According to equation 6.7,ΘD can be calculated bykBΘD =(α=3)�1=3.
These values represent the low-temperature limit ofΘD (seeΘD(lt) in table 6.3);

2. the average phonon energyEph, i.e. the first moment of the phonon DOS, which
is given in the Debye model byΘD = (4=3)E ph=kB. The corresponding values
represent the high-temperature limit ofΘD (seeΘD(ht) in table 6.3);

3. the cut-off energy in the phonon DOS, determined by longitudinal branches. Al-
though this value can be easily estimated fromg(E) without further calculation,
the exact determination is arbitrary and much more influenced by the energy
resolution than the above mentioned procedures. Therefore, this possibility is
discarded in the following.

Within the studied pressure range the Debye temperatures in table 6.3 and figure 6.9
show an increase by 45% and 55% forΘD(ht) andΘD(lt), respectively. The differences
between the two values reflect deviations of the measured phonon DOS from the Debye
model. Inα-Fe the results forΘD(lt) are about 30 K higher than forΘD(ht) (except
11 GPa). This behaviour is well-known for normal solids, especially with respect to
measurements of the specific heatcV, which are often represented within the Debye
model, but with the use of a temperature dependentΘD. 3

3However, the phonon DOS itself does not change with temperature and the presentation with a
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energy part ofg(E) (ΘD(lt)) and the first moment ofg(E) (ΘD(ht)).

In ε-Fe the difference between the twoΘD values is about 100 K. Consequently, the
deviations from the Debye model are much more pronounced in this high-pressure
phase. Since the Debye model includes only acoustic vibrations withω = vk, the
deviations can be attributed to the existence of optical branches in the hcp phase.

An third set of Debye temperatures can be derived from the recoilless fractionfLM(DOS)
in table 6.2 using the formalism of conventional Mössbauer spectroscopy [Gib76].
These values (ΘD( fLM) in table 6.3) lie in between the above mentioned limits.

Pressure V/V0 E ph ΘD(ht) ΘD(lt) ΘD( fLM)
(GPa) (meV) (K) (K) (K)

neutron 1 27.2 421 460 439
0 1 28.0(8) 433(12) 467(10) 440(5)
6 0.967 33.3(16) 515(24) 542(25) 523(12)
11 0.945 36.4(16) 563(24) 555(25) 563(12)
20 0.862 36.5(8) 565(12) 663(15) 597(10)
32 0.828 38.7(8) 599(12) 697(15) 632(10)
42 0.805 40.7(8) 630(12) 723(15) 646(10)

Table 6.3: Mean phonon energyE ph and Debye temperaturesΘD for iron derived from
various procedures as explained in the text.

variableΘD can be removed to a large extent by the use of a reasonably adjusted "pseudo-Debye"
model [Hol94, Hol98a].
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Temperature Behaviour

Considering the usual quasi-harmonic approximation, the phonon DOSg(E) can be
treated as temperature-independent. Consequently, onceg(E) is determined at room
temperature, the calculation of the complete temperature dependence of thermody-
namic properties is possible [JM85]. This is demonstrated in figure 6.10 forfLM(T ),
h∆x2i(T ), Fvib(T ), Svib(T ), Uvib(T ) andcV (T ) at 0 GPa and 42 GPa.

At T = 0K the crystal lattice is not completely frozen leading to a Lamb-Mössbauer
factor fLM(T = 0) 6= 1 and to a zero-point motion withh∆x2i 6= 0. The latter value
decreases under pressure from 1:5� 10�3Å2 at 0 GPa to 1:0�10�3Å2 at 42 GPa.
Furthermore, the Helmholtz free energy and the internal energy are identical at ab-
solute zero. The valueFvib(T = 0) = Uvib(T = 0) increases from 41.8 meV/atom to
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Figure 6.10: Temperature dependence of thermodynamic properties in iron at 0 GPa
(solid lines) and 42 GPa (dashed line) derived from the phonon DOSg(E). The cor-
responding Debye temperaturesΘD(ht) are depicted at the bottom.Svib represents the
temperature derivative ofFvib andcV the derivative ofUvib.
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60.5 meV/atom at 42 GPa. At high temperature (T > ΘD) the internal energyUvib
approaches the classical behaviourUvib = 3kB T . This is also reflected in the specific
heatcV = (∂U=∂T)V where the classical Dulong-Petit value of 3kB/atom is approached
atT �ΘD.

6.4 Discussion

In the following discussion, we concentrate on the Debye temperatureΘD and its vol-
ume dependence, namely the Grüneisen parameterγD. Furthermore, the present results
for the sound velocity are compared with recent values from ultrasonic and elasticity
studies as well as theoretical calculations. Finally, the impact of the derived thermody-
namic properties on theα-ε phase transition is discussed.

6.4.1 Grüneisen Parameter

The volume dependence of the phonon DOS can be discussed within the Debye ap-
proximation with a common average valueγD replacing the mode Grüneisen parame-
tersγi defined in equation 6.8. Thus,γD is related to the average phonon energyE ph

and can be expressed with the corresponding Debye temperatureΘD(ht) :

γD =�d lnΘD(ht)=d lnV : (6.23)

The left part of figure 6.11 shows the volume dependence ofΘD(ht) together with a fit
according to equation 6.23, including the three points forα-Fe andε-Fe, respectively.
The resulting Grüneisen parameters areγD(α-Fe)=4.3(5) andγD(ε-Fe)=1.5(2).

A similar evaluation for the low-temperature valuesΘD(lt) is depicted in the right part
of figure 6.11. The corresponding valuesγD;lt (α-Fe)=3.4(5) andγD;lt (ε-Fe)=1.3(2)
indicate that the volume dependence of the low-energy modes is less pronounced than
the average volume dependence.

Both values,γD andγD;lt , for α-Fe are larger than commonly observed values: The
equation for the thermodynamic Grüneisen parameterγth = αV KT V =cV leads to a
value for ambient conditions ofγth(V0) = 1.60 (αV = 35.1�10�6K�1 [AM76], KT =
163 GPa [MBT67],V0 = 7.093 cm3/mol [MBT67] andcV = 25:3 J/(K mol) [Kuc82]).
Ramakrishan et al. [RBK78] measuredγth up to 3.3 GPa and foundγth(V0) = 1:66 and
n = 0:6, using the form

γ(V ) = γ(V0) (V=V0)
n: (6.24)

However, a direct comparison of NIS results with values from ambient or lower pres-
sure is difficult since the NIS results forγD represent average values for the pressure
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Figure 6.11: Volume dependence of the Debye temperaturesΘD(ht) andΘD(lt). The
solid lines represent fits to the experimental data using equation 6.23.

ranges of 0 - 11 GPa (α-Fe) and 20 - 42 GPa (ε-Fe). As shown for example for theγ-α
transition in metallic Ce, the Grüneisen parameter can exhibit a strong increase near a
high-pressure phase transition [RK80].

A more detailed discussion of the volume dependence ofγ, e.g. with equation 6.24 is
not possible with the present amount of data. Future NIS studies with further improved
flux of SR may provide a larger number of data points in both phases to give a more
detailed picture of the high-pressure behaviour of the Grüneisen parameter, especially
at theα-ε phase transition.

6.4.2 Aggregate Velocities and Shear Modulus

In order to explain sound velocity data for seismological observations, several recent
theoretical investigations deal with the elastic coefficients of hcp iron under strong
compression [SC95, SMW96, SSC99]. Due to the difficult experimental access to hcp
iron there are little possibilities to compare such calculations with laboratory experi-
ments. Only recently, a new experimental method was developed measuring the lattice
strain at high pressure with radial x-ray diffraction [HMS97]. When interpreted in
terms of elastic coefficients, this method delivered results on the elastic coefficients in
Fe up to 52 GPa [SMH98] and to 211 GPa [MSS98]. However, the interpretation of
lattice-strain experiments is controversely discussed and their re-examination is rec-
ommended in [SSC99].

The connecting link between seismology and elastic coefficients are the longitudinal
(vp) and transversal sound velocity (vs), which are determined by the bulk modulus
K, the shear modulusG and the densityρ (equations 6.12, 6.13). Although these
aggregate velocities can not be obtained directly from the momentum-averaged phonon
DOS, they can be determined indirectly when the equation-of-state data is used to
provide not only the unit cell volume but also the bulk modulusK at high pressure.
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Figure 6.12: Pressure dependence of the aggregate velocities vp and vs together with
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In this case, the results forv permit the determination of the shear modulusG and
the aggregate velocities vp and vs from the three equations 6.12, 6.13 and 6.14. The
resulting values are listed in table 6.4 and plotted in figure 6.12.

The NIS results for ambient pressure (G = 81GPa, vp = 5:87km/s, vs = 3:20km/s,
v = 3:57km/s) are in very good agreement with tabulated values, which were obtained
as the mean of the corresponding Voigt and Reuss averages (see section 6.2.3) from

Pressure V/V0 ρ v K G vp vs

(GPa) (g/cm3) (km/s) (GPa) (GPa) (km/s) (km/s)
neutron 1 7.86 3.54 163 79 5.84 3.17

0 1 7.86 3.57(10) 163(4) 81(4) 5.87(6) 3.20(10)
6 0.967 8.13 4.10(25) 205(6) 109(12) 6.57(15) 3.66(25)
11 0.945 8.32 4.16(25) 241(6) 115(12) 6.89(15) 3.72(25)
20 0.862 9.12 4.82(15) 292(8) 172(10) 7.56(12) 4.34(15)
32 0.828 9.48 5.00(15) 369(8) 191(10) 8.11(12) 4.49(15)
42 0.805 9.76 5.14(15) 434(8) 207(10) 8.53(12) 4.61(15)

Table 6.4: Elastic properties for iron under pressure. The volume/density data and the bulk
moduliK were taken from the compressibility data ofα-Fe [MBT67] andε-Fe [MWC90]. The
mean sound velocityv is from NIS. The shear modulusG and the aggregate velocities vp and
vs are derived from equations 6.12, 6.13 and 6.14. The uncertainty ofG andvs is primarily
induced by the error inv, the uncertainty ofvp primarily by the error inK.
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single crystal elastic coefficients [SW71]:G = 80:5(15)GPa, vp = 5:91(7)km/s, vs =
3:21(3)km/s,v = 3:58(3)km/s.4

At high pressure, the present results agree with lattice-strain experiments of Singh et
al. [SMH98] in both iron phases and with theoretical studies inε-Fe by Söderlind et
al. [SMW96] and Stixrude et al. [SC95]. However, values from recent ultrasound and
lattice-strain experiments by Mao et al. [MSS98] are about 20% smaller whereas the
theoretical work by Steinle-Neumann et al. [SSC99] tends to give higher aggregate
velocities.

6.4.3 Theα-ε Phase Transition

With respect to theα-ε phase transition in iron, the present NIS values for the vibra-
tional entropySvib can be used to determine the slope of the phase boundary in theT;P
phase diagram atT = 294K (see figure 6.13).
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Figure 6.13: Phase diagram ofFe showing enlarged the phase boundary between the
α- andε-phase around 294 K, which can be determined with the Clausius-Clapeyron
equation 6.25.

The Clausius-Clapeyron equation

dTtr

dPtr
=

∆V
∆S

(6.25)

relates the slopedTtr=dPtr of transition temperatureTtr versus transition pressurePtr

to the volume and entropy differences between the two phases. The value for∆V at
13 GPa and 294 K can be calculated from the literature data [MBT67, MWC90] and
amounts to∆V = �0:344 cm3/mol. For an estimation of∆S, the values ofSvib for
both iron phases are extrapolated to 13 GPa as shown in figure 6.14. Hereby, the
small electronic contribution to the entropy is neglected. With the value of∆Svib =

4The values in brackets give the mean deviation of the tabulated data sets.
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0:16(2) kB/atom a slope of

dTtr

dPtr
=�260(40)K=GPa (6.26)

is obtained for the phase boundary at 294 K.

Due to the sluggish nature of theα-ε transition and the strong variation of the transition
pressure for different pressure-transmitting media, values fordTtr=dPtr are difficult to
obtain with x-ray diffraction. Consequently, the results in the literature exhibit a large
variation. A collection of different values given by Manghnani et al. [MMN87] covers
a range of -169 K/GPa up to -455 K/GPa, which is consistent with the NIS result.
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Figure 6.14: Extrapolated pressure dependence of the vibrational entropySvib for α-Fe
andε-Fe. For the transition pressure at 13 GPa an entropy difference∆Svib = 0:16(2)kB=

atom between the two phases is obtained.

The results presented in this chapter represent an extensive characterization of the lat-
tice dynamics of elemental iron under pressure. A geophysical relevance of the work
can be derived from the first measurement of the phonon DOS inε-Fe, which is a major
component of the Earth’s inner core.

For the derived thermodynamic properties, it should be emphasized that, in contrast
to other (e.g. calorimetric) measurements, pure vibrational parts of internal energy,
specific heat and entropy are provided. They are free of possible electronic or magnetic
contributions and are therefore extremely useful for testing theoretical calculations
of thermodynamic parameters responsible for the equation-of-state [SMW96] or the
melting temperature of iron [AGP99].
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Chapter 7

Summary

In the framework of this thesis the new methods of Nuclear Resonant Scattering of
synchrotron radiation have been successfully applied to the investigation of magnetic
properties and lattice dynamics under pressure. For this purpose a new generation of
diamond-anvil cells has been developed according to the specific properties of syn-
chrotron radiation and the individual needs for Nuclear Forward Scattering (NFS) and
Nuclear Inelastic Scattering (NIS).

The NFS experiments were performed on magnetic Laves phases with the composition
RFe2 (R = Y, Gd, Sc) at pressures up to 115 GPa. This pressure range allowed the study
of iron magnetism in these model systems with a large variation of interatomic Fe-Fe
distances. The competing variation of exchange interactions and Fe band moments
is reflected by a systematic change of themagnetic ordering temperatures and of the
magnetic ordering type. The latter varied from ferromagnetism with well-localized Fe
moments via antiferromagnetism with more itinerant Fe moments to a non-magnetic
state. This behaviour is similar to the observations in elemental iron (γ-Fe), when the
lattice parameter is changed. We conclude from comparative studies on ScFe2 that the
antiferromagnetic state can only be obtained after a pressure-induced structural phase
transformation from the cubic C15 to the hexagonal C14 structure.

It is further demonstrated that the variety of different magnetic phenomena in the RFe2
series with non-magnetic R atoms can be reproduced by a single model system, namely
YFe2, when exposed to high pressure. A comparison with GdFe2, exhibiting large Gd
4f moments, indicated a strongly increased interaction between the Fe and the Gd
sublattices under pressure, which leads to a stabilization of the Fe moment.

The objective of the second part of the thesis was the pioneering application of NIS
for thestudy of phonons in iron under pressure. With a new high-pressure technique,
based on a Be gasket for sufficient transmission of the Fe Kα;β x-ray fluorescence,
the phonon density of states in theε-phase of iron was experimentally determined
for the first time. From NIS spectra measured inα-Fe andε-Fe at various pressures
up to 42 GPa, a variety of thermodynamic parameters, such as Debye temperatures,
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Grüneisen parameters, the Helmholtz free energy and the vibrational contributions to
the specific heat and the entropy were derived. Sinceε-Fe is the main component of the
Earth’s solid inner core, the derivedsound velocities have direct geophysical impact.
The present results can be further used to test theoreticalab initio calculations, which
describe the physics of the Earth’s core.

Outlook

The success of the present NFS and NIS studies is intimately connected with the use
of synchrotron radiation from 3rd generation sources. Further developments can be
expected from improvements in the performance of existing synchrotron facilities and
from the instrumentation of the beamlines, where for high-pressure studies the use of
focusing optics is most important. In this field, there is already a strong (and fruit-
ful) competition between different groups performing Nuclear Resonant Scattering at
ESRF (Grenoble), APS (Argonne, Chicago) and SPring8 (Tsukuba, Japan).

The use of focusing devices was essential for the NIS studies of iron under pressure.
The NFS experiments in this thesis were, however, performed without focusing optics.
Further high-pressure NFS studies at ESRF would benefit very much from a tenfold
increased photon flux on the sample, possible with the focusing elements already in
use. Such a gain in photon flux may lead to major improvements of NFS studies in two
directions:

� confinement of the measuring time from the order of hours to 5-10 minutes,
allowing a systematic study of magnetic ordering temperatures under pressure,
and

� diminishing the sample dimensions by an order of magnitude, providing access
to pressures well above 200 GPa.

From the geophysical point of view, it is obvious that higher pressures than the present
42 GPa are desirable for NIS experiments on iron; the pressure of the Earth’s core
varies from 140 GPa to 360 GPa. An actual approach to such high pressures was
obtained in recent experiments at APS, where a collaboration between the Geophysical
Laboratory (H.K. Mao et al., Washington), APS beamline scientists (W. Sturhahn et
al.) and the Paderborn group reached 153 GPa in a NIS study of iron [MXS00].

For both spectroscopic applications, NIS and NFS, high-pressure experiments at ele-
vated temperatures are envisaged. Although relevant temperatures for the Earth’s core
(6000-8000 K) are far beyond the experimental possibilities, the feasible temperature
range up to about 1300 K with electrical heating [DST00] is already sufficient to test
theoretical forecasts of temperature-dependent lattice dynamics and to study ordering
temperatures of magnetic systems of interest, like the RFe2 systems with magnetic
rare-earth constituents.
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