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2. Experimental details

The L-edge MEXAFS data were recorded at the ID 12A beam-
line at the ESRF (Grenoble). For the detailed MEXAFS analysis
the data at thé.s-edge were used because of the longeange
compared to thé,-edge range (which is limited by thg-edge).

The Gd(0001) single crystal with a shape of a plate (c-axis nor-
mal to the surface) was mounted so that the x-rays were incident
normal to the surfacekfnotod|C-axis). The data were recorded at
10 K, 100 K, 200 K and 250 K corresponding to reduced temper-
atures oft= 0.034, 0.34, 0.68 and 0.85. To ensure that the sam-
ple was completely saturated, the magnetizahitiil) versus the
magnetic field was measured at each temperature point. Since the
saturation fieldHs was changing with temperature, the MEXAFS
data were recorded at the same reduced FelHs=1.2. From the
M(H) curves the following applied magnetic fields for the MEX-

AFS measurements were determined: 3.0 T (10 K), 2.8 T (100 K),
2.5 T (200 K) and 2.0 T (250 K). The fluorescence of the sam-

The purpose of the experiment is to study the normal and the Magle was detected with silicon photodiodes (Gautleteal., 1995)
netic EXAFS (MEXAFS) since EXAFS is the method of choice@nd the resulting data were corrected for self-absorption effects
to investigate the local pair- and spin-pair-distribution function. wéTroger et al, 1992). To measure the EXAFS and MEXAFS in
present MEXAFS and EXAFS measurements at the L-edges oftd® energy range of the 7185 eV to 8500 eV with a constant de-
Gd single crystal in the temperature range of 10 K to 250 K. Therdlree of circularly polarized x-rays the undulator gap-scan tech-
fore we are able to investigate the MEXAFS in a wide range of thique was used (Rogalet al, 1998). We measured the dichroic
reduced temperatuteT /Tc of 0.04< t < 0.85 withTc=293 K.  effectum(E) = u"(E) —p~ (E) for both possibilities i.e. changing
We find a strong decrease of the nearest neighbor EXAFS which e direction of the magnetization for a fixed helicity and changing
tains only about 35% of its 10 K value already at 250 K. This highthe helicity of the x-rays for a fixed magnetization. Both methods
lights the importance of lattice vibrations. To analyze the individual€vealed the same dichroic signal indicating that no experimental
scattering contributions to the MEXAFS and the EXARBS, initio artifacts were observed. The EXAFS and MEXAFS oscillations
calculations (FEFF code) have been carried out. The comparis¥f¢re extracted with a standard spline-analysis as described in de-
of the temperature-dependent damping of the normal EXAFS wifigil in (Wende, 1999). This means that for the investigation of the
the spin-dependent MEXAFS allows us to separate the influenddEXAFS a smooth magnetic background was subtracted from the
of lattice vibrations (Debye temperature 160 K) from the magnetiélifferenceum(E) in order to calculate the MEXAFS oscillations
ordering (Curie temperature) on the MEXAFS. xm (K).
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3. Results and discussion

1. Introduction The temperature-dependent EXAFS and MEXAFS data are pre-
Gd metal is a model system for the investigation of the magnetisented in Fig. 1. The MEXAFS oscillations at thgedge can be
EXAFS (MEXAFS) effect. The first MEXAFS oscillations were detected up tdmax = 13 A~1. The Fourier transformed data of
detected for a Gd metal foil at 100 K (Sdiz'et al,, 1989). Since the EXAFS and the MEXAFS exhibit a clear splitting of the main
then the Gd MEXAFS was discussed in various experimental (Darpeak due to the so-called Ramsauer-Townsend (RT) resonance. The
tygeet al, 1995; Schiz & Ahlers, 1996; Ahlers & Sclitz, 1998;  splitting of the main peak corresponds to a minimum of the en-
Ahlers et al,, 1998) and theoretical works (Broudet al., 1995; veloping amplitude irk-space at abolt = 9 A~ This indicates
Ankudinov & Rehr, 1995; Ebeet al, 2000). Looking at the enor- a clear improvement of the quality of the MEXAFS data compared
mous work on this subject it is surprising that no temperatureto spectra published previously where these features could not be
dependent MEXAFS investigations of the L-edge MEXAFS weredetected (Dartyget al., 1995; Ahlers & Schtz, 1998). One reason
carried out yet, as it was already demonstrated for thér@nsi-  might be that the measurements in earlier works were not carried
tion metals (Lemkeet al,, 1998; Wendest al,, 1998; Wendest al., out with a single crystal but with metal foils at 100 K (Sthét
1999; Wendeet al,, 2000). Nowadays the theoretical descriptionsal., 1989). Therefore one expects a much stronger effect of static
of the MEXAFS effect are quite advanced and describe the magand dynamic disorder on the EXAFS and the MEXAFS compared
netism at T= 0 K including relativistic phenomena (Broudeal., to the results for a Gd single crystal at 10 K as presented here. Fur-
1996; Ankudinov & Rehr, 1997; Ebeet al., 1999). Nevertheless, thermore, a-weighting ofk! was used in our work, whereas the
no prediction exists for the detailed temperature dependence of theourier transforms of the simple EXAFE({ [x(k)]|) and MEX-
MEXAFS which include, for instance, effects of spin-fluctuations AFS (FT[xwm(K)]|) oscillations are discussed in the earlier works
on a nearest neighbor scale. Therefore, we carried out the firéBchitz et al, 1989, Schtz & Ahlers, 1996; Ahlers & Sahtz,
temperature-dependent study at the L-edges of a Gd single cry$998). As shown in Fig. 1 a clear temperature dependence for the
tal. The relatively low Curie-temperatutie of bulk Gd of 293 K EXAFS as well as the MEXAFS can be determined. For a quantita-
allowed us to study the MEXAFS in a wide range of the reducedtive analysis of the reduction of the Fourier transform (FT) intensi-
temperaturé = T /Tc. The use of a single crystal sample enabledties we carried out a fit of the main peakRrspace using the FEF-

us to discuss high quality MEXAFS data with small static disorderFIT code. The fit shows that the reduction of the intensity of the
at theLs-edge up tkma=13.0A 2. main peak can be accurately described by means of the correlated
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Debye model. This indicates that the FT intensities of the EXAFSof the main peak (RT resonance) as well as the intensities and po-
can be used in a first approximation as a measure of the influence sitions of the peaks at larger distances are correctly described. The
Debye-Waller factoe—2°°¥ on the spectra. This is of importance presented calculations are carried out including single-scattering
for the comparison of the temperature dependence of the MEXand multiple-scattering effects. If one calculates the EXAFS with-
AFS with the EXAFS as discussed later. With the FEFFIT analysi®ut multiple-scatteringocontributions one finds higher intensities of
of the EXAFS data a Debye temperaturedef= (160+ 7) K is the peaks at abolR=6 A (not shown). This shows that in the case
calculated in good agreement with 163.4 K given in the literaturedf Gd the multiple-scattering contributions interfere destructively
from heat capacity measurements (Tsaengl., 1985). Thisvalueis  With the single-scattering contributions of larger scattering shells.
relatively low compared for instance td &ansition metals, where This effect is correctly reproduced by the FEFF code. The agree-
values of aboufp=350-450 K are found. Assuming that this value ment of the experimental MEXAFS data with the calculation is
also holds for a Gd metal foil, the strong damping already=dt00  also fairly good. The phase shift of abomf2 of the MEXAFS

K (where the earlier MEXAFS works have been carried out (Ahlersoscillations xm (k) compared to the EXAFS oscillationg(k) is

& Schiitz, 1998)) can be explained. In our experiment we find thacorrectly described. The enveloping amplitude of the calculation
atT=250 K the thermal disorder leads to a damping of the height ofS in reasonable agreement with the experimental data. Therefore
the main peak in the EXAFS Fourier transform of 35% of thel0  the splitting of the main peak in the MEXAFS Fourier transform

K value (see Fig. 1). A similar damping is found for the MEXAFS: is reproduced in the calculation. Deviations between theory and
Starting with the analysis ik-space a damping of the exponential €xperiment can be detecged in theo Fourier transform at larger dis-
form e2°*¢ can be determined. Although the MEXAFS wiggles tances in the range of 4A to 08.0 A. These differences are not
xm (k) at k=4.5A—! are damped aF=250 K to about 50% of their due to the feature_ seen I.aa’26.3A‘1 Whi_ch can be assigned to the
T=10 K value, they are hardly detectable ks1.0.0A 1 at T=250 so-called magnetic multi-electron excitations (MMEES) (Ber& _

K whereas obvious wiggles can be seefafl0 K for the higher ~ Ahlers, 1996; Ahlers & Sohiz, 1998). More serious are the dif-
k-range. This indicates that the thermal disorder also influences thfgielnces seen in thlespace in the range 0&7.0 A™" to k=8.5
magnetic EXAFS signal. As already discussed the effects of stati® - AS the negative and the positive part of the experimental wig-

and dynamic disorder can be minimized by using a single crysta@'e is larger compared to the calculated data, it is not very likely
at 10 K. The effect of this minimization is obvious in the Fourier that this difference is also due to multi-electron excitations as these

transform of the MEXAFS oscillations at 10 K where a similar /€@d to an additional feature only. Therefore, we assign the main

splitting of the main peak can be determined for the MEXAFS adifferences to scattering effects. It was already discussed for the
it was seen for the EXAFS. normal EXAFS data that the single-scattering contributions inter-

fere destructively with the multiple-scattering contributions. One

w0 0a possible explanation for the differences between the experimen-
— 2 tal MEXAFS data and the calculation could be that the phase of
g 01 S . . . . .
= A N /\ 1K [\ [\1 ﬂ y e o2 the multiple-scattering contributions which have been found to be
= My i L\}U v Tl = enhanced for the MEXAFS case (Wenekeal, 1999) are not de-
01 1 1 g 0.1 scribed accurately enough in the calculation. This question will be
ozf 1 the focus of a forthcoming publication because the main task of the
] S B Y o present work is the analysis of the temperature dependence of the
YT: i é 0.015} EXAFS and the MEXAFS.
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Figure 1 - Z o015
Temperature-dependehg-edge EXAFS (top) and MEXAFS (bottom) = g
oscillations (left)k - x(k) andk - xm(k), and the corresponding Fourier = = o010
transforms (right)|FT[k - x(k)]| and |[FT[k - xm(K)]|. An obvious g —
temperature-dependent damping can be seen for both cases. Foi £
0.000 =

EXAFS and the MEXAFS Fourier transforms a clear splitting of th
main peak due to the so-called Ramsauer-Townsend resonance ca KA RIA

detected. Figure 2

omparison of the experimental EXAFS (top) and MEXAFS (bottom)
ata at 10 K taab initio calculations (FEFF7). The calculations show

Before discussing the effect of temperature dependence of th
magnetizatioM(T) on the MEXAFS intensity we first turn to the : . .
good agreement for the enveloping amplitude and phakespace as

comparison of the experimental data at 10 Katinitio calcula- ey a5 inR-space for the splitting of the main peak (RT resonance) and
tions carried out with the FEFF7 code using Gd bulk structure. Theye peaks at larger distances.

results are presented in Fig. 2. The agreement of the experimental

EXAFS with the calculation is perfect ikspace as well as IR- Here we want to investigate the temperature dependence of the
space: All the fine structures seen e.gka:llo.ofé\’l andk=11.5 main peak only. As this peak is splitted due to the RT resonance
A-lare reproduced in the calculation. Also the enveloping amplithe integrated signal of the main peak in the EXAFS and MEX-
tude ink-space in the calculation agrees very well with the exper-AFS Fourier transforms in the range BE2.0-4.0A will be dis-
imental data. This can also be seerRispace, where the splitting cussed. In Fig. 3 we compare the experimental results to the tem-
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perature dependence of the magnetization under applied magnet@mperatures enabled us to minimize effects of the static and dy-
fields as given in the literature (Nigtt al, 1963). In order to do namic disorder. Therefore we are able to identify the influence
so we scaled all the experimental data (the near-edge MCXD inef the Ramsauer-Townsend resonance on the EXAFS and the
tensity, the integrated EXAFS and MEXAFS main peaks) to matchMEXAFS. Ab initio calculations carried out with the FEFF code
the literature at the lowest temperature (10 K). This means thaare in good agreement with the experimental EXAFS and MEX-
relative changes are compared. As expected the temperature d&FS data. By means of these calculations it was found that the
pendence of the MCXD signal follows the temperature depenmultiple-scattering contributions interfere destructively with the
dence of the magnetizatioN(T). In the present investigation single-scattering contributions. The measurements in the temper-
we were able to probe the MEXAFS up to 250 K which corre-ature range of 10 K to 250 K allowed for an analysis of the near-
sponds to a reduced temperaturet of 0.85. At this tempera- edge MCXD, the EXAFS and the MEXAFS signals in a wide range
ture the magnetization is damped to 58% of its 10 K value. Thisof the reduced temperature.0@ < t < 0.85). The present work
was not possible in earlier temperature-dependent MEXAFS inshows that MEXAFS is the technique of choice to measure spin-
vestigations on @ transition metals, where a reduced tempera-and site-selective pair-distribution functions.

ture oft = 0.38 only was reached (Wends al, 1998, Wende 15 york was supported by the BMBF (05 SC8 KEA-3), ESRF
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