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EDGE SPECTROSCOPY

G. WORTMANN

Institut fiir Atom- und Festkorperphysik, Freie Universitit Berlin,
D-1000 Berlin 33, Germany

Abstract

The near-edge X-ray absorption fine structure can provide information on the
chemical form and local structure as well as on the electronic and even magnetic
properties of the investigated systems on a microscopic (atomic) scale. Selected
cxamples of the application of edge spectroscopy arc presented with emphasis on
the valence determination in rare-earth systems, where similar information can be
obtained by Mdssbauer spectroscopy.

1. Introduction

X.-ray absorption spectroscopy (XAS) is known to provide structural informa-
tion via the extended X-ray absorption fine structure (EXAFS). Misleadingly, the
abbreviation "EXAFS” is often used for X-ray absorption spectroscopy, neglecting
the fact that the near-edge fine structure independently contains a variety of valuable
information on the investigated system. In the last decade, however, the near-edge
X-ray absorption fine structure (NEXAFS or XANES) has been increasingly employed
for studies of the electronic, chemical and structural properties of gaseous, liquid or
solid systems on a microscopic (atomic) basis [1—6] . The near-edge structure of an
absorption threshold monitors transitions of core electrons into unoccupied states.
Some characteristic properties of this spectroscopy are listed in the following:

(i) It is specific to the absorbing atom and, thereby, provides information
about the local properties.

(i) The K-, Loy My v-edges allow only transitions into final
states with defined orbita]’cﬁaracter, thus monitoring selectively the p, d, or f character
of the unoccupied states.

(iii) Due to the El character of the photoabsorption process, strong polariza-
tion effects of the absorption edge are often observed, which can be fully exploited by
using the linear-polarized synchrotron radiation and oriented absorbers with low
Symmetries,
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180 G. Wortmann, Edge Spectroscopy

This review will present selected examples on the application of edge spectro-
scopy, mostly performed in our laboratory. In rare-earth systems, for instance, Ly
edge spectroscopy has been widely applied for the study of valence transition as 3
function of pressure, temperature or chemical composition [7]. Here, we concentrate

simple way.

Finally, we want to draw attention to a new and exciting application of edge
Spectroscopy, namely the investigation of spin densities in magnetic systems by
using circularly-polarized synchrotron radiatiop [9].

2. Methodological aspects

pective K-, L “Mp_y--
shell. The fine structure of the absorption edge, being most pronounced in the near-

edge regi‘on z'md incre.asingly damped in the extended region of the threshold, contains
Fhe specific information on the absorbing atomg (fig. 1). There are some similarities

Méssbauer source one needs two
det \ ’

éctors for the photop flux: one for the intensity of the incoming photon flux, the
¢ transmitted photopg OF, in scattering geometry, the
scence yield. Simila, to the absorber thickness problem in Mossbauer

s absorbers of appropriate thickness guarantee a

Tucture of the absorption edge. A full theoretical
€ near-edge spectry is complicated, by :

In many applications of edge Spectroscopy one uses j
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Fig. 1. X-ray absorption spectrum of Eu,S, scanning the cnergy
region between the Lyyy- and Lyj-cdge of Eu [10]. The range of
the near-edge and extended X-ray absorption fine structure
(XANES/edge and EXAFS, respectively) is indicated, The insct
shows the principal experimental arrangement: Transmission
geometry (1), scattering geometry with detection of fluorescent
X-rays (2) and electrons (3); 1,, 1, and 1, : ionization chambers,
M: monochromator, A: absorber, R: reference absorber.

the comparison with reference systems, to derive information from the edge structure.
For detaileg information, we refer the reader to handbooks and recent conference
Proceedings [1-6].

3. Applications

31 VALENCE DETERMINATION IN RARE-EARTH SYSTEMS

(¢)  Integral valent systems | chemical shifts

Edge spectroscopy provides an easy tool to determine the valence in rare-earth
(RE) systems as long as one is concerned with the heavier RE and is dealing with stable
divalent and trivalent systems [7]. Since in this review we are interested in similarities
and differences between edge spectroscopy and the Mossbauer effect, we have chosen
Eu systems ag examples where the isomer shift, as measured by the '*! Eu-Mdssbauer
tesonance, provides complementary information on the valence state of the Eu jons.
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The two valence states Eu®"{4f7) and Eu®*(4£%) can be easily distinguished by their
different isomer shifts § [12,13]. The main reason for the difference. AS = 12 mm/s,
is, as well known since the early days of Mossbauer spectroscopy, the increased shield-
ing of s-electron density by the additional 4f-electron in Eu?" systems. For divalent as
well as for trivalent Eu systems, the value of § may scatter considerably, e.g. from
~14 mm/s for jonic Eu** compounds to -7 mm/s for metallic Eu®" systems and from
0to +4 mm/s for the corresponding Eu®" systems.

Considering the edge spectroscopy. different valence states or, as in the RE
case, different 4f-electron occupancies lead to different threshold energies of the
respective K-, Ly ;; ;- and Mii1,rv v -edges. The basic reason for the different threshold
energies is the lower binding energy of the respective core electrons caused by the
shielding of the nuclear potential through the additional 4f-electron. Using the Ly
edge, as mostly done for the RE systems, the observed difference in the binding energy
of the 2p3/2 electron is AE = Ups = U,.a = 7€V for the heavier RE, where
Up_f = 12 eV accounts for the shielding by a 4f electron and Up_ = 5eV for the
shielding by the 5d* electron in the final state. Typical examples of L ;; -edge spectra
of metallic and non-metallic Fu?* and Eu®* systems are shown in fig. 2. All Ly, -edge
spectra of RE systems are dominated by strong resonances at energy positions close
to the edge. In the early days of XAS, when the spectra were recorded on films, these
extreme maxima in the absorption cross section were called "white lines” (WL). They
otiginate from El transitions of the 2p electron into empty S5d-states with a high
density of states. Figure 2 reveals that the spectral shape of the WL may vary con-
siderably for different systems, for instance for metallic and ionic surroundings. As
4 general rule, one observes the strongest and sharpest WL in ionic RE®" systems.
For this reason, RE trifluorides or sesquioxides are used as reference systems. In
metallic systems, the WL is generally broader and less intense. The reasons are simply
“solid-state” effects, e.g. interactions of the (mostly empty) 5d-band with ligands
andfor with (d)-conduction electrons [15]. For the various divalent or trivalent RE
Systems, the Ly -edge position can vary within =2 eV. These chemical shifts reflect
the different electronic surroundings (e.g. metallic, ionic) of the RE ions. similar to
the variations of the isomer shift within a valence state. We emphasize in this context
that these “chemical shifts” act differently on the edge position and on the isomer
shift when compared with the impact of different valence states (4f-electron count ).
This js shown in fig. 3, where the isomer shifts of the Eu systems are plotted versus
the respective edge positions. One observes a clear correlation only as long as one
compares metallic and non-metallic Eu?* and Eu®* systems.

(b)  Valence determination in inhomogeneous mixed-valent rare-earth systems

' Because of the easily resolvable energy difference in the edge position for
different valence States, L;;;-edge spectroscopy has been widely applied for valence
determinatjop in RE systems and, as will be described in the following. in mixed-
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valent systems. Before applying this method to homogeneous mixed-valent systems
(intermediate valencies, see refs. [12,16,17]). one has to prove whether the method
is capable of determining the relative amount of RE?* and RE®"ions in an inhomogene-
ous mixed-valent systems. A well-suited model system is Eu,S, with Eu?* and Eu’*
ions in a ratio of 1:2 on equivalent lattice sites. The near-edge structure of the Liy-
threshold of Eu, S, (see fig. 1) can be analysed by two thresholds, each consisting of
the sum of a Lorentzian (the WL) and an arctan funetion (the absorption threshold).
They are separated by =7V and exhibit an intensity ratio r(Ly;) near to 1:2,
corresponding to a mean valence v(Ly) = 2.63(2) and 2.62(3), as determined by two
independent studies [7,10].

Such a good agreement with v =267, as expected from the stoichiometry of
Eu,S,.is actually not expected, since th

pied 5d-states. Since the atomic
ground-state configurations for RE2* and RE®" are 4f754%65? ang 47154165,

respectively, the WL of ap RE3* system may be reduced in
when compared with a corresponding RE?*
thickness effects may also strongly inflyen

structure. Similar to such effects in Mossbayer Spectroscopy, the relative intensity of
the dominant resonance line (WL)is reduced with fespect to the weaker component [7].

Other reasons for an inequivalent recording of the RE?*/RE3* intensity ratio r
by the WLs may originate from solid-stae effects, e.g. strong broadenings and/or

redistrib.ution of Sd-electron staes by hybridization effects with covalent ligands or
conduction electrons. These effects are explicitly observable in high-pressure experi-
ments, wi}ere the reduced volume enhances hybridization effects, as evidenced by
a broadening of the WLs. In some metallic RE3* systems, the WL e;xflibits a resolved

structure due to strong interactions of the 54 i ;
tates w i .
electric field (CEF splitting) [7]. Yates with the (cubic) crystalline

Other effects which ma

its intensity by up to 10%
System. As already mentioned, absorber
¢e a correct recording of the near-edge

ress that the Ly -edge records in a reliable way
Mperature, pressure, and chemical
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composition as found in many mixed-valent systems. We will choose examples where
the same systems have also been investigated by Mossbauer spectroscopy.

In the past, many intermetallic RE systems with the ThCr, Si, structure have
been found to exhibit valence instabilities. Two of the best known examples for
mixed (or intermediate) valencies are EuCu, 8i; and EuPd, Si,, and in both systems
"' Eu-Mossbauer spectroscopy has been successfully applied in elucidating their
properties [12,18-20]. To study the influence of chemical substitution on the

lorb. units)

Relative Absorption(x
Absorpiic_m

EuCo,Ge,Siq
1 1 1 { i 1 H I 1 il
20 0 10 694 696 698 700
Relative Velocity (mmjsec) Energy (kev)

Fig. 4. (a) '** Eu-Mossbauer spectra of inhomogeneously mixed-valent
EuCozsiuGeOS at various temperatures [21]. Note the change in the
relative intensity of the Eu?*and Eu® * subspectra. (b) Eu-Ly;,-edge spectra
of EuCozsi1 5Geg 5 at different temperatures.

mixed-valent behaviour of the Eu ions, many quasi-ternary systems of the formula
Eu(P dl_,,Mx)zSi2 or EuM,(Si,_,Ge ),. with M being a d-transition or noble
metal, have been investigated. In one of these systems, EuCo, (Si, _ , Ge,),, the Eu
valence is strongly influenced by the number of Si neighbours. Eu is found to be
(almost) trivalent in EuCo, Si, and divalent in EuCo,Ge,. In EuCo, Si, (Ge, ;. one
finds both Eu?* and Eu®* jons [21]. They exhibit a strong temperature dependence
on the relative intensity ratio of the well-resolved subspectra (see fig. 4(a)). Careful
¢Xamination of the samc sample by Eu-Ly;-edge spectroscopy (fig. 4(b)). however,
Yielded an almost temperature-independent Eu?*/Eu’" ratio. The discrepancy between
the two methods could be explained by the measured effective Debye temperatures
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of the Eu?* and Eu®" sites, which were found to be considerably different [21]. This
example demonstrates that Mossbauer spectroscopy can provide RE?*/RE® intensity
ratios of an inhomogeneous mixed-valent system only after a careful determination
of the f-factors of the different sites. This holds also for homogeneous mixed-valent
systems as long as there are impurity phases present, as often observed [12]. This
procedure is, of course, well known in Mossbauer spectroscopy, but has not been
applied in most of such studies on mixed-valent systems. The near-edge structure
of a stable valent system is not, in contrast to the EXAFS influenced by temperature
effects and provides an easy tool for measuring a temperature-independent RE*'[RE"
ratio. In mixed-valent Eu and other RE systems, a temperature-independent ratio
r(Lyy) can be taken as proof for stable (inhomogeneous mixed-valent) valencies, since
homogeneous mixed-valent systems show in general a temperature- dependent ratio

r (L“a ), as described by the interconfiguration fluctuation model (ICF model) [12,
18-20,221.

{c)  Valence determination in homogeneous mixed-valent systems

, The peculiar behaviour of RE ions in a homogeneous mixed-valent state
(intermediate valence) has been well characterized by the temperature-dependent
isomer shifts, as demonstrated in the case of EuCu,Si, and EuPd,Si, (1820
Intermediate-valent systems can be easily distinguished from inhomageneous mixed-
valent systems by the observation of a single resonance line, since the typical meas
uring time of the Mossbauer effect is 2107? 5, whereas the fluctuation time between
the 4f" and 4f"7'5d configuration is = 1079 s [12,22]. In other RE systems,
containing RE ions like Sm, Tm, and Yb ions, the isomer shift is not such a good
measure of the valence because of the limited resolution power of the respective
Mossb?uer transitions {12]. Mixed-valent behaviour or valence changes can, however,
be derived fr.om the e_lectric-quadrupole or magnetic-dipole interactions {12].
. fmF(;)ert ;r;;eir;pedu;te-valem systems, Ly, -edge spectroscopy is now an often used
b e 1;1rge :S :r:egree ;:f v:.alencg mxx'mg as well as valence transitions induced
mediate-valent ,RE syste;xxzr :x;:::f alazogﬁzjn“f:s' - L'm o ; m::
4" and 4f""" subspectra. si h g e « e e spatoont
detomined by T, ince the measuring time of the edge spectroscopy 1
fluctuati 0y the lifetime of the 2p hole (107" 5), which is shorter than the
ation time of the 4f configurations. Typical a
scopy are the studies of Sm$ (as a functi PP
ion of ch
TmSe {24] and of Yb meta} (as a function of pressure
The pressure-induced valence t

lications of Ly;;-edge spectro-

emical composition [23]); of

of e 35

: ransition in Sms, as studied by Ly, -edge specti®”

scopy {10,26 i ' ¥ Lyp-edg

whilgl [occurs]\,vlist;}'lown In fig. 5. The Ly; -edge spectra monitor the valence transition
i1 2 NAITOw pressure range at 6.5 Kbar, by a dramatic change of

th H " .
sp:lc[trz;ct;a]e::ape'.Z‘g"'e § displays the pressure dependence of the Sm*~ sub"
gether with the Sm-S distance, which was derived from the analysis of
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the EXAFS measured in the same Ly -spectra. A closer inspection of fig. 6 indicates
that the near-edge spectra monitor the onset of the valence transition at lower pressures
than the lattice constant. The occurrence of a 15% Sm®” component already at ambient
pressure is, as shown by an Ly -edge study of single-crystals of Sm,_,Y,Sin
fluorescence mode, due to impurities and defects introduced by the grinding of SmS
used in the pressure study [27].

Of special interest for this review are comparative studies of mixed-valent
systems by Ly;-edge spectroscopy and Mossbauer effect. In such studies, we used
identical samples for both methods, contained even in the same sample holders. Such
procedure s, in our opinion, mandatory in comparative studies, since these systems
may exhibit differences in their mixed-valent behaviour, even when different pieces
of the same batch are used. The reasons for such differences are site disorder caused,
for instance, by an occupation of the Pd site by Si or vice versa, and impurity phases
(satellite lines in the Mdssbauer spectra), which are present to some extent in most
of the mixed-valent systems with the ThCr, Si, structure [12] .
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-edge and Mo i
valence transition in EuPd e Mossbauer study of the temperature-mduced

281, we derived, as shown in fig. 7, an almost linear corre-
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lation between v(Ly,) and the isomer shift § [28] . From this it was concluded that
both methods monitor in a reliable way the relative valence change in this system.
A similar comparative study of EuPd, Si, by Kemly et al. [29] arrived at the same
conclusion, but stressed the point of an absolute determination of the valency by
v(Ly;)- Neither of the studies [28,29] found the strong non-linearities in the v(Ly)/
isomer shift correlation that were claimed by Réhler in a previous study of EuPd, Si,
and EuCu, Si, [30].

We extended the comparative studies to the EuPd, _  Au, Si, series [31]. This
system is of special interest since it is considered as one of the few examples for the

transition from a mixed-valent to a magnetic-ordering behaviour [32-34]. In
particular, it was claimed that at x = 0.36, where the onset of magnetic ordering is
observed, the Eu ions are still mixed-valent, with an average valence of =22 [32].
Figure 8 shows typical Ly -edge spectra of EuPd, _ Au, Si, and, for comparison, a
spectrum of EuAu, Ge,. Interestingly, all Ly -edge spectra of the EuPd,  Au Si,
series exhibit a double-peaked edge structure, even EuAu, Si,. where a "valency”
v(Lyyy) = 2.09 was derived. On the other hand, Mossbauer studies of EuPd,_, Au_ Si,
show, for x > 0.5, a behaviour typical for divalent Fu,ie. no temperature variation of
the isomer shifts. EuAu, Si, retains its divalent character even under pressures up to
30 kbar [34]. Only EuAu, Ge, is found to be divalent from the Lyy -edge; its isomer
shift (§=11.2 mm/s) is an extreme negative value for a metallic Eu®* system. Both
the u(Ly;) and § values of EuAu,Ge, fit well as pure Eu®" endpoint in the v(Ly /s
correlation of EuPd, Si, (fig. 7).

The reasons why Eu in the EuPd, _ , Au, Si, for x > 0.5 series is not divalent,
as suggested from a careful Méssbauer study [33], but apparently mixed-valent from
the Liy-edge will be outlined in the following sections, where even more extreme
examples of discrepancies between v(Lyy) values and valencies derived from other
methods will be given. It should be pointed out that in the EuPd, , Au, Si, series,
U(Lm) and § vary in a different way with the Au substitution x (see inset of fig. 7),
which leads to non-linearity in the v(Ly)/S diagram at x = 0.5 (fig. 7) where the
transition from intermediate-valent behaviour to stable valencies occurs [31-33].

One should mention at this point another deviation in the Ly;; -edgee spectra of
the EuPd,_, Au,Si, series from a “normal” mixed-valent behaviour. The energy
Stparation between the Eu?* and Eu®* thresholds AF is not comstant but depends
On the average valence of the Eu ions. The reason for this behaviour is attributed to
the change in the valence-band d-electron occupancy, which changes as a function
of the average Eu valency [30]. This dependence was found to be roughly linear with
u(Ly) for the temperature-induced valence change in EuPd, Si, . In EuPd, _ JAu, Si,.
hOwever, AE deviates strongly from this linear relation for x > 0.5, as shown in fig. 9,
i"dicaﬁﬂg a change in the mixed-valent behaviour of the Eu ions [31].

In EuPd, Si,, the temperature-induced change in valency as derived by ME and
U(Lyy) is 20.43 between 15 K and 300 K [28]. Here, we briefly present the results of
a recent comparative study of another Eu system, where the overall valence change in
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the same temperature region is even larger. In the EuNi, Si, _ | Ge, system, we found
for x = 1.5 intermediate valencies of the different Fu sites, with an overall temperature.-
induced valence change of =0.55 [35]. Following the concept outlined previously
for the substituted mixed-valent system La, _,Eu, Rh, [36] and also applied to the
EuPd, _ xAu, Si, system [33,34], we attributed to each Eu site, according to the
number of nearest Si/Ge neighbours, a different mixed-valent behaviour. This is
demonstrated in the analysis of the '*' Eu-Mossbauer spectra of EuNi, Sig  Ge,
shown in fig. 10. Typical Ly -edge spectra of EuNi, Sij (Ge, . are shown in fig. 11,
together with the reference systems EuNi, Si, and EuNi, Ge, . The plot of the averaged
values of § versus u(Lyy) for EuNi, Si, ;Ge, 5 is shown in fig. 12, together with the
corresponding values for EuNi, Ge, and EuNi, Si,. The dashed-dotted curve, connect-
Ing the points derived from § values as obtained from the areas of the various sub-
Spectra, exhibit a slight deviation from a linear correlation. Using the concept developed
in the EuCo, Si, _ x Ge, system, we measured the effective Debye temperatures for
EuNi, Si, and EuNi; Ge, and corrected the spectral areas of the various sites by
linear extrapolation according to the number of Si/Ge neighbours. The corrected
values of Scorr Yield a linear correlation with v(Lyy;)- EuNi, Si,, near to trivalency
from U(Ly;) and the temperature-dependent isomer shift, fits excellently in this
correlation. On the other hand. it is surprising that EuNi, Ge, is "mixed-valent” from
the Ly, -edge, v(Ly) = 2.15, but normal divalent from isomer shift (no temperature
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the Ly, -edge spectra of divalent RE systems. In the case of EuM, X, systems, such
impurity phases are detectable in the Méssbauer spectra with an accuracy of 21% of
the total spectral intensity. We have devoted a special study to this problem [38].
When correcting the v(Ly;) values for such contaminations, one has to consider that
typical Eu®* impurity phases (e.g. Eu,0;, which can be characterized by its isomer
shift) exhibit a larger WL intensity than Eu in metallic systems (see fig. 2).

fd}  Final-state effectsin L [-€dge spectroscopy

In this review on Ly -edge spectroscopy, we are already confronted with the
fact that two normal divalent systems (EuAu, Si, and EuNi,Ge,) exhibit double-
peaked edge structures, from which one could claim “mixed-valent” properties. Also
in EuCo, Si, one finds v(Ly) = 2.15, in contrast to the divalency proved by the
magnetic properties and the Méssbauer parameters (stable divalent even under pressures
up to 60 kbar [21,39]. Such discrepancies were first detected in a closely related
System, EuPd, P, , where Méssbauer effect and magnetic studies proved the divalency
of Eu, but the Ly -edge yielded v(Ly) =2.13(2) [40-42]. The observed trivalent
component in the Ly, -edge spectrum was attributed to a final-state effect, which

Spectroscopies. like 3d-XPS, also observe final-state effects in EuPd. P . in contrast
to 2 shallow Jevel Spectroscopy like valence-band photoemissjon whzere2 the divalent
nature of Ey in EuPd, P, was confirmeq [43]. !

' To summarize the studies of divalent EuM, X, systems, with M = Pd, Au, Co.
Niand X =P §i Ge we mention that a purely “divalent” Ly -edge spectrum a5

e field ang ordering temperatyre with v(Lyy; ), one observes a rough
the EuPd, __ Au_ Si, series (fig. 7)
tder of intermediate valencies, 45
dies of EuPd,  Au, ,Si, [34]. We
call. Systems “weakly” mixed-valent [34] als'610ngo:s efcpferimentﬂl
haviour is only drawn from the Ly -edge or other deep-core
U systems, the Méssbauey effect provides by the isomer shift and

Systems with v(ly) =215 are near to the bo

demonstrated striking] i
: Y by the high. Tessure
hesitate, however, to o ”

evidence for this be
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Tabie 1

Comopilation of Méssbauer data and v(Lyyp) values for Eu systems with ThCr, Si,

structure. The isomer shifts § are given at 300 K, the magnetic hyperfine fields Byt

at 42 K. The values of § and Begr are given with an accuracy of +0.05 mm/s and
+35 kG, respectively . For details, see the references

§ Begr Ty v(Ly)

System (mm/s) *®G)  (K) Ref.
EuNi,Ge, -9.1 400 30 2.15(3) [35,37)
EuCozGe2 -95 370 23 2.15(5) [35,37,39]
EuPd,P, -97 360 30 2132)  [38,40-42]
EUO.OSYOSS Pd,P, 104 nm. nm. 2.102) [38]
EuAu._,Si2 - 104 340 6.5 2.09(2) [31,33,34)
EuPd, Ge, -10.3 310 16 2.05(2) [38]
EuAu,Ge, - 112 nm. nm. 2.00(1) [31}

its characteristic variation on temperature and pressure an extremely sensitive too] for
a characterization of an intermediate valency. A true valency of 2.2, together with
4 reasonable estimate of Eix» leads to a pronounced variation of § with temperature
and/or pressure as observed, for instance, in the EuPd, _, Au, Si, system for pressures
above =6 kbar (x = 04) and =30 kbar (x = 0.6). respectively, where the magnetism
suddenly disappears [34]. The interesting properties of a metallic system on the
verge of intermediate valency, e.g. the increase in magnetic ordering temperature,
can be explained by an increased hybridization of the RE ion, including even the
4f-electrons [40] . The peculiar properties of the 4f-electrons in an insulating system
(TmSel_x Te,) near to a valence transition are described in ref. [44] as “slightly
delocalized”, which seems to be equivalent to a hybridization.

We want to mention at this point Lyy;-edge and Méssbauer studies, performed
in other laboratories, of two important Eu systems, namely FuO and Eu metal. where
also pronounced discrepancies in valencies, as determined by the two spectroscopies,
are evident. A high-pressure Ly -edge study of EuQ observes a transition to mixed-
valent behaviour (that means a double-peaked absorption edge) already at pressures
as low as 260 kbar [45]. At 150 kbar, the Ly;-edge spectra reveal v(Ly) =22,
Wwhen corrected for the Eu, O, impurity phase. On the other hand, Mossbauer studies
of EuQ up to 150 kbar do not find experimental evidence for mixed-valent behaviour
[46]. An extension of this study to pressures up to 300 kbar by the use of a diamond-
anvil cel] jg reported by Taylor [47). At 300 kbar. a drop in the magnetic ordering
temperature gives strong evidence for the onset of an intermediate valence in EuO.
Both Mésshayer studies are in conflict with a high-pressure study of the lattice constant
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and the semiconducting gap, observing indications of a valence transition around
120 kbar [48) . In Eu metal, double-peaked structures of the Ly;-edge are developing
rapidly under pressure already at 50 kbar, and a value v(Ly;) = 2.5 was derived at
120 kbar [49]. A recent Mossbaver study of Eu metal found up to 120 kbar a strong,
but linear variation of the isomer shift and still magnetic order [49], which seems to
be in contrast to the valency derived from the Ly -edge [32]. In both EuO and Ev
metal. the question of whether there is a coexistence of magnetic order and inter-
mediate valencies is, in our opinion, still controversial from the results of two spectro-
scopies and requires additional high-pressure studies.

In analogy with the above outlined arguments on final-state effects in EuM,X,
systems, we want to stress the point that the observation of a double-peaked Ly -edge
structure is not a proof of the mixed valency in the investigated systems. Valence
transitions in Eu systems can be proved by the observation of a temperature-dependent
variation of the Eu?*/Eu®" ratio, as evidenced, for instance, by a strong temperature
dependence of the isomer shift. Double-peaked Ly -edge spectra, on the other hand,
may be indicative of strong covalent effects, involving even the 4f-electrons. A mixed-
valent system in the definition as given, for instance, in ref. [S1], demands that. in
the case of Eu, the 4f® level is pinned at the Fermi level. In insulating systems, 2
transition to an intermediate valence, with Sms as best example, is accompanied by an
insulator/metal transition. In metallic systems, valence transitions are monitored by
the characteristic changes in a variety of other properties, e.g. the lattice constant,
the magnetic susceptibility and the magnetic ordering behaviour. One should mention
the Yb, _, In, Cu, system as a new textbook example of a valence transition in 2
metallic system, which was studied recently by a variety of methods, including Ly
edge and Mdssbauer spectroscopy [52].

Fmal"state effects in Ly -edge spectroscopy are expected to be even more
prqnounced in Ce systems because of the less-localized character of the 4f-electrons,
which results in a wide variety of transport properties of metallic Ce systems. Ly-
edge spectroscopy has often been applied for the investigation of their properties
[?'54] , with a still ongoing discussion in terms of mixed valency or hybridization
Z fe;:\ts 1[5_4]. Final-state effects are even more pronounced in the Ly -edge spectra
hm; 51“ ating, formally tetravalent systems like CeO, and CeF, (as in the Pr and Tb
orﬂyobzg:))(bif int::le;; g\:ﬁ?‘:{eg‘e Ly -edge exhibits additional structures which can

-electron transitions [55~57] . It should be mentioned that
the complex 3d-XPS as well as the L -edge spectra 11-described by the
same theoretical treatment [58]. Becaxlllsle f ol st jther

of space | eithe
these systems nor the M edge spoctro p mtatxons, we will re\.newn .
fully to their investigation%'y,w]. pectioscopy, which has been applied 16
tion deiﬁfe:’miﬁf;:ﬂ tt? briefly report on Ly -edge studies where the polarizt
ffects 1 ption process was used to demonstrate that the final-state
etiects in covalent systems may depend on the direction of th lent bonds. We
investigated a single crystal of CeNj in {1 or o t ¢ covalent BOK

uorescence mode with the £ vector of the
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linear-polarized synchrotron radiation at different angles with respect to the crystallo-
graphic axes. CeNi has an orthorhombic structure and exhibits anomalies in the
temperature dependence of the lattice constants (increase of the b-axis with decreasing
temperature) and of the magnetic susceptibility (loss of magnetic moment), which
are attributed to (anisotropic) covalent Ce-Ni bonds [60]. The double-peaked Ly -
edge spectra of the CeNi single crystal exhibit differences in the relative weights of
the (formal) Ce3*(4f') and Ce**(4f°) subspectra as functions of temperature and
orientation [61]. The Ce** component is strongest when the E vector is parallel to
the direction of the shortest Ce-Ni bond. For this reason, we consider the value of
u(Ly;) as a measure of the (anisotropic) f-d hybridization, but not as a measure of the
Ce valence [61].

In this context, one should mention Cu Ly -edge absorption studied per-
formed on the new high-T,, superconductors, where the valencies of the Cu ions are
of actual interest. Using single crystalline [62] or highly textured samples [63]
of YBa,Cuy 0, _;. it could be demonstrated that a satellite in the Cu-Ly;; absorption
spectra, which has been attributed to Cu®* ions and which is strongest for probes
with the highest T, changes its relative intensity with the orientation of the sample.
The largest satellite is observed when the polarization vector of the synchrotron
radiation is parallel to the crystallographic c-axis of YBa,Cu;0,_, [62,63]. These
observations are interpreted as direct experimental evidence for itinerant holes at the
oxygen ligands. which are responsible for the superconducting properties of these
systems.

The new superconductors of YBa,Cu;0,_; type have also been investigated
at the Cu K-edge. Since there are two different Cu sites, the interpretation of the
complex edge Spectra was rather controversial. Recent studies showed that the choice
of appropriate reference systems (with similar oxygen configurations) and of oriented
samples, together with polarized synchrotron radiation, enables a reliable interpretation
of the K-edge spectra [64,65].

32, BonDp LENGTH AND ORIENTATION IN MOLECULAR SYSTEMS FROM EDGE
SPECTROSCOPY

XAS has been very successfully applied to study the orientation and bond
length of molecules adsorbed on surfaces [8,66]. In simple, low-Z molecules like
C,H,, C,H,, and C,H,. one observes strong resonances in the near-edge region of
the C-K thresholds, which can be attributed to electron transitions into 7* and o*
orbitals. From a systematic investigation of the near-edge structure of such molecules
in gaseous form, Stohr et al. [67,68] found a linear correlation between the energy
Position of the ¢* resonance and the intramolecular bond length. This scheme has
been applied to determine the modified bond length of these molecules when adsorbed
O surfaces [68]. This application of edge spectroscopy (NEXAFS) is particularly



198

L] M T T T T
1C1 - Graphite lstage-2!
-1 NEXAFS
E,= 5155 eV

e

Absorption {arb. units)

w0 200 20 0
Photon Energy -E, feV!

Fig. 13. Todine 1;-edge spectra of It graphite at various orientations
with respect to the polarization of the synchrotron radiation {701.

T ™7 T T T "1 v T T 4
ol sz(gﬁll\\ * 18t (g} ]
X8l
s N b iBr) 1
[
@ e 7} N4 1Br-Grll) -
s o o :
= 11Clg) Bry-PA Y
g 7 ' i
ot NO
O 1-Gr(l) ;
Q| aiCi-Ga ’\ e 14
" 3 %gr (g) 2#'?\ ; %x 2
L ’G. ."~.. g !
0? i r-Gr.(il) 4&:\ o e 8~
/ '\\
< s =1
* 15-PA
¥ 7L Ci \\4 #
0 IClig) ™% |
<5t 1Cs) IS
[ 1CL -Gy i
1 i 1 ! 1 1 ! [} A 1

20 2%2 24 76 28
bond length d; (A)

Fii l: - Correlation between the energy separation of the o* resonance (peak A)
and the edge (peak B) of various halogen molecules and polyanions {711



G. Wortmann, Edge Spectroscopy 199

useful for such dilute systems when compared with EXAFS spectroscopy. which is
normally used for bond length determinations.

We have performed similar NEXAFS and EXAFS studies of halogen molecules
and polyanions (c.g. I,, Br,, Cl,. ICL, IBr, I, Br3) in gaseous and solid form as well as
intercalated in graphite or polyacetylene [69—71]. The pre-edge region of the
respective Cl-K. I-L;, and Br-K thresholds is dominated by strong ¢* resonances.
which sensitively monitor the orientation of the molecules, as shown in the I-L,
spectra of ICl graphite (fig. 13). For the various halogen molecules, we also derived
a correlation between the position of the ¢” resonance with respect to the edge and
the intramolecular bond lengths, which is shown in fig. 14. For complementary
studies of these systems, the 2I-Mossbauer resonance is particularly useful. as demon-
strated in ref. [72].

33. INVESTIGATION OF SPIN-DENSITIES IN MAGNETIC SYSTEMS BY NEXAFS
WITH CIRCULARLY-POLARIZED SYNCHROTRON RADIATION

A new and fascinating application of XAS was recently introduced by Schutz
et al. [9]. Using the spin-dependent absorption of circularly-polarized synchrotron
radiation, the spin-polarization of the unoccupied p- and d-band states of ferro-
magnetic Fe [9] as well as Gd and Tb metal [73] was studied. The method allows an
elegant mapping of the spin densities of the p-and d-states up to =50 eV above the
Fermi level and offers 2 promising tool for the study of magnetic phenomena like
critical fluctuations ang magnetic excitations. Another related application is the
Measurement of magnetic EXAFS [74]. Magnetic studies with XAS will certainly
be a rapidly expanding field in the near future.
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