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X-ray absorption fine structure study of the structural and electronic properties
of the GdMg hydride switchable mirror

M. Di Vece! A. M. J. van der Eerdef,J. A. van Bokhover?* S. Lemaux'' J. J. Kelly* and D. C. Koningsberg@r

lDebye Institute, Physics and Chemistry of Condensed Matter, Utrecht University, P.O. Box 80 000, 3508 TA Utrecht, The Netherlands

Debye Institute, Inorganic Chemistry and Catalysis, Utrecht University, P.O. Box 80 083, 3508 TA Utrecht, The Netherlands
(Received 23 July 2002; revised manuscript received 15 October 2002; published 31 January 2003

Structural and electronic properties of the GdMg hydride switchable mirror have been studied with x-ray
absorption fine structuréXAFS) spectroscopy at the Gld; edge. The analysis of the extended XAFS
(EXAFS) data show phase segregation in the as-deposited film. The phase separation is enhanced by hydrogen
intercalation. The structure of both the gadolinium clusters with low hydrogen concentration and the hydrogen-
loaded gadolinium trihydride clusters is found to be hcp. EXAFS detected hydrogen atoms as scatterers, in a
highly ordered structure. The structure of the gadolinium trihydride cluster is consistent with the model in
which the hydrogen atoms are shifted from octahedral positions to the metal plane. The intensity oLthe Gd
x-ray absorption edge increases after loading with hydrogen, pointing to a higher number of holes in the
d-valence band. This suggests that a fraction of the available charge is transferred to the hydrogen atoms. This
charge transfer is thought to be responsible for the optical change of the gadolinium thin film.
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[. INTRODUCTION sitions are occupied. In the Kondo insulator model of Ng

et al,'° the donated electron from a hydrogen vacancy is

Switchable mirrors, based on metal hydrideare inter-  strongly localized. The Gutzwiller renormalization of the hy-

esting from a scientific and a technological point of view.drogen band width results in the formation of a band gap. In

The metal-insulator transition corresponding to a changéhe model of Kellyet al,** a small displacement of the hy-

from the optically opaque to the transparent state is an interdrogen atoms is considered to be responsible for the creation

esting phenomenon that can be applied in electro-opticd?f & band gap. GW calculations by van Geldewral."? .
devices? This metal-insulator transition occurs by hydrogenShow that the existence of a band gap does not necessarily

H H 11
intercalation with the metal going from the di- to trihydride réduire symmetry lowering as proposed by Kedjal.
state. However, a superposition of possible broken symmetry

Yttrium and rare-earth metal hydride thin films show g Structures would result in the HaDstructuré® preventing

yellow transmission in the transparent state. Alloying withthe detection O.f a br_oken symmetry structure.
. : L , Recent studies with IR spectroscdpghow that on aver-
magnesium provides a color-neutral switching devite.

With higher magnesium content, the optical band gap in_fage one electron is transferred to every two hydrogen atoms

Th h ! I ith high in YH;_ 5. These results are not in line with the assumptions
creases. The rare-earth magnesium afoy with nigh Magnggaqe iy the band-structure calculations. The extent of charge
sium content disproportionates under hydrogen loading,

. ; : . ; 3 ' "Stansfer from the rare-earth atom, forming the host lattice, to
sulting N magnesium dihydride and rare-earth trihydridey,q interstitial hydrogen atoms obviously remains a subject
clusters*® The magnesium acts as a microscopic opticalyf debate. X-ray diffraction’XRD) studies suggest phase
shutter; the magnesium metallic clusters are reflective Wh“%eparation in the rare-earth Mg alloys by the detection of the
the insulating magnesium dihydride clusters allow goodseparate element hydrides. The extent of phase separation is
transmittance. It was proposed that magnesium switches gill unclear. Gadolinium magnesium alloy films with more
higher hydrogen concentrations than yttrium because of thethan 50% magnesium are even XRD amorphtugherefore
modynamic considerations. Observations by van der Molemn investigation of the structure of rare-earth magnesium al-
et al® show that yttrium trinydride stays fcc in yttrium mag- loys on a local atomic scale could provide details about the
nesium alloys due to large stresses in the film caused by thetructural anomalies. The lattice positions of hydrogen within
relatively large magnesium to magnesium dihydride volumethe alloy or segregated thin film could yield more insight into
expansion. Recent research showed that magnesium nickgle nature of the metal-insulator transition.
alloys also exhibit optical switchingalthough the reflection X-ray absorption fine structuré€XAFS) is a technique
and transmission contrasts are less than those of the rargell suited for determining structural and electronic proper-
earth based switchable mirrors. ties of solids. The edge position is related to the oxidation
Band-structure calculations do not yield an unambiguousstate of the probed atom. From the x-ray absorption near-
interpretation for the appearance of the band gap on hydraedge (XANES) region, information about the electronic
gen intercalatioff. Different structural and electronic varia- structure and the medium-range order can be derived.
tions of the HoDQ structure were proposédit is assumed EXAFS (extended x-ray absorption fine structuprovides
that conduction electrons are captured by the hydrogen atnformation about the local structure, such as the nature and
oms, creating a negatively charged hydrogen ion in the tetaumber of surrounding atoms and interatomic distances. No
rahedral and octahedral sites. Not all possible hydrogen pdeng-range order is required for XAFS spectroscopy.
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In this study we have investigated GdMg polycrystalline  TABLE I. Crystallographic data and input parameters farr
films with XAFS spectroscopy at the Qd; edge in the as- used to create the reference files.
deposited and fully hydrogenated states. Electronic informa
tion was extracted from the absorption edge shift and nearAPsorber-
edge structure. From the EXAFS spectrum we have observe?fckscatterer N R(A) & V. (eV) Vi (eV)

phase separation in the alloy. We were able to locate hydray g 1 35 1 4.78 0
gen directly as a scatterer in a lattice structure. Gd-Mg 1 35 1 0 0
Gd-O 1 2.4 1 0 0

Il. EXPERIMENT Gd-H 1 2 1 0 0

A. Sample preparation

GdsMgso polycrystalline layers were deposited on thin he EXAFS datd? If the experimental spectrum is composed
glass slides by evaporation at TOmbar base pressure at a of gifferent contributions, then

deposition rate of 1 nm/s. During pre-evaporation the metal

vapor acts as a getter, reducing the ambient oxygen pressure N

considerably. For the sake of convenience the films will be expt. data 2 (fit); (1)
denoted by GdMg. They are nominallym thick with a i=1

50-nm caplayer of palladium The palladium serves as a cata-

lyst for hydrogen dissociation and protects the film against r? e”r? (Fﬁt)r reprr(]a ?r?gitvsi(;helflttenc:ricl;) r];”glitrllonf 0|1; c\:/si(;rdlnatlo?
oxidation. These GdMg films are similar to those describe elll. For eac ual co ution the foflowing equa

by Van der Sluiset al® ion should then logically be valid:

N
B. Data collection (fit);=expt. data- > (fit);. )
The XAFS spectra at the Gld; edge were obtained at the =1 andiz]

HASYLAB (Hamburg, Germanybeamline X1.1, which was  The right-hand side of Eq2) is further denoted as the dif-
equipped with a $811) double-crystal monochromator. All ference file of shelj in which the noise is contained. A good
measurements were performed in a standard“céll the  fit is obtained only if the total fit and each individual con-
transmission mode using ionization chambers filled with anributing co-ordination shell describe correctly the experi-
Ar/N, mixture. Three stacked samples were used for a googhental EXAFS and the difference file, respectively. In this
signal-to-noise ratio. Measurements were performed on thgay not only the total EXAFS fit, but also the individual fits
as-deposited and fully hydrogen-loaded films. Loading of thesf all separate contributions can be determined reliably. Op-
samples to the “trihydride” state was achieved by applying atimization has also been performed with different powers of
hydrogen flush at room temperature. The spectra were meg: This enables a selectivity with respect to ligitt) and
sured at 77 K. A gadolinium garnet powder XAFS spectrumheavy(Gd) scatterers during this procedure.
was used to provide information on the edge position of The EXAFS data-analysis prograxnap allows multiple-

gadolinium in the oxidized state. shell fitting in R space by minimizing the residuals between
both the absolute and the imaginary part of the Fourier trans-
C. Data analysis forms (FT) of the data and the fiR-space fitting has impor-

tant advantages compared to the usual fittingg 8pace and
used for data analysis. Three scans were averaged duri} extensively discussed in a recent paper by Koningsberger

data reduction. The pre-edge background was approximate al= The variances of the magnltude and the imaginary
by a modified Victoreen function before subtractiérThe part of _the Fourier transforms of fit and data were calculated
edge energy was determined with the maximum of the ﬁrsﬁccordlng to
derivative of the spectrum. The spectrum was background R _ 2
corrected with a cubic spline routif@.Normalization was variance= HKFTrodel R) ~ FTe R T1*dR
performed by dividing the background of the absorption f[k”FTQXp(R)]ZdR

spectrum by the height of the absorption edge after 50 eV, L — o
leading to normalized EXAFS data. In this study the statistical significance of a contribution was

Gd-Gd, Gd-Mg, Gd-0, and Gd-H references used for thehecked by a comparison of the amplitude of {fighth the
fitting procedure were calculated witterre®® The Gd-Gd Noise level present in the difference fifehe noise in the
and Gd-O references where calibrated with a Gd thin filmdifference file is essentially the same as the noise in the
and a gamnet, respectively. A Hedin-Linquist poterfial €xperimental daja
was used to calculate the phase shift and the backscattering "€ number of independent parametels,§) was deter-
amplitude. The crystallographic data and input parameter@'”ed as outlined in thgz“Reports on Standard and Criteria
for FEFF used to create the EXAFS references are listed il XAFS Spectroscopy:

The xpAP program developed by Vaarkangs all’ was

x100. (3)

Table 1.
The difference file technique was applied together with . :ZAKAR+2 (4)
Fourier transforms to resolve the different contributions in ind T '
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FIG. 1. The absorption spectra for the GdMg thin film in the
as-deposited stafe—) and after hydrogenatiof: - -). In the inset ' ' '
the edge region is enlarged with the garnet spectrum incl¢ded 20r 7
The accuracy of XAFS data analysis was considered by Kon- 0 . i b
ingsbergeet al,?%in which the errors are estimated tobe 5% £ el A [ A T
in the coordination and 1% in the distance. °: 0 AR\ W N S WA VENNRINT i
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Il. RESULTS -
The normalized.; x-ray absorption near-edge spectra for or 1
the GdMg layers are shown in Fig. 1. It is clear that in the : . 3
fully loaded stateédotted ling, the intensity of the absorption (b) RA)

edge has increased with respect to that of the virgin sample.
This can be directly related to an increase in the number of FIG. 2. (A) The EXAFS data after normalization ariB) The
holes in thed band. From the inset of Fig. 1, a shift of the Fourier transform K°, Ak=2.5-11 A1) for the as-deposited)
edge to higher energy is also clearly observed. The differand the hydrogenated- -) GdMg films.

ence between the energy at half maximum of the two absorp-

tion edge spectra is found to be 0.5 eV. This shift implies aGd-Gd coordination number is three times larger than that of
positively charged gadolinium atom. The shift of the GdGd-Mg. The total coordinatiofGd plus Mg around Gd is
edge position in garnet with respect to that of the metal is 0.@most 12, while the Gd-Mg distance is about 0.22 A smaller
eV. than the Gd-Gd distance. A small average number of oxygen

Figure 2A) shows the raw EXAFS data for the virgin and hydrogen neighboring atoms could also be detected
sample(solid line) and the loaded film(dotted ling. The  around Gd with a coordination distance of 2.40 and 2.26 A,
loaded film has a significantly lower EXAFS amplitude thanrespectively.
the virgin film. The virgin film exhibits a gradual decrease of  In Fig. 4A), the k° weighed Fourier transform of the
the signal strength, while the loaded film shows a suddetoaded film(solid line) is shown together with the best fit
decrease of the absorption after 4, suggesting the domi-
nant presence of a lo# scatterer(i.e., hydrogeh In Fig.

2(B) the k® weighed Fourier transforms of both EXAFS
spectra are shown. TH€ weighing has been chosen to em-
phasize the lovk region of the EXAFS spectrum, in which

the hydrogen and oxygen contributions are dominant. The %,
virgin film (solid line) peaks at 2.8 A, with a much higher
magnitude than the considerably smoother distribution of the
loaded film(dotted line.

Thek® weighed Fourier transform of the raw EXAFS data
(solid line) of the as-deposited film together with the FT of
the fit (1<R<4 A) of the EXAFS spectrunidotted ling are
shown in Fig. 3. Four different scatterers, gadolinium, mag- : . , -

. . . 2 3 4 5
nesium, oxygen, and hydrogen, had to be included in order to RA)
fit the data effectively. The fit matches the experimental data
very well for values ofR between 1.5 and 3.5 A. Table Il FIG. 3. Fourier transformskf, Ak=2.5-11 A™) of raw data
contains the resulting EXAFS coordination parameters. Thé—) and fit (- - -) of the as deposited GdMg film.

F.T. K'%k) 1
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TABLE 1l. Gd L, edge; sample GgMge,/Pd as-synthesised; EXAFS analysis <11 A1) k°

weighing.

k variance
Absorber-
backscatterer N R(A) Ac? (102 A?) AE, (eV) imaginary real
Gd-Gd 8.9 3.45 6.8 13.0 0.18 0.08
Gd-Mg 2.7 3.23 3.6 -5.1
Gd-O 0.2 2.40 5.0 -7.0
Gd-H 1.5 2.26 5.0 3.0

(1<R<4 A) (dotted ling. The absolute part of the trans- remain significant up t&=9. The gadolinium and hydrogen
form shows two clear maxima at 1.7 and 2.9 A, with a localcontributions are most prominent at Idwsalues. The hydro-
minimum in between. This fit with the same four scatterersgen contribution decreases very rapidly in comparison to all
as detected for the virgin sample agrees well with the experithe other contributions
mental data between 1 and 3.5 A. The individual contribu- In Table Ill the results of the analysis of the EXAFS data
tions to the fit as extracted with the difference file techniqueof the hydrogen-exposed GdMg film are given. The Gd-Gd
are plotted in Figs. @)—(E). A well-defined single peak can and the Gd-Mg coordination numbers have decreased by
be observed in Fig.(®) for the calculated Gd-Gd EXAFS at 40% and 70%, respectively, compared to those of the as-
2.9 A (dotted ling and the corresponding difference file deposited film. The total coordination around Gd contribut-
(solid line). The amplitude of the FT is about 70% of the ing to the metal lattice is 9.5. This number is significantly
amplitude of the FT of the total EXAFS spectrufrig.  lower than the total Gd coordination of the unhydrogenated
4(A)]. In Fig. 4C), the Gd-Mg EXAFS contributioridotted  sample. A large increase in the Gd-H coordination number is
line) and the corresponding difference fi(solid line) are  observed after loading with hydrogen. Also the Gd-O coor-
shown. A maximum can be located at 3.1 A; however, the FTdination number has increased. Moreover, all interatomic
is distributed over a long range iR space due to a large distances have increased under hydrogen loading, except for
Debye-Waller factor. The amplitude of the FT of the Gd-Mg the Gd-O distance. The degree of disorder, as represented by
contribution is about 15% of the amplitude of the FT of thethe Debye-Waller factor, increases for all components except
total EXAFS. It is clear that the signal-to-noi6®/N) ratio of  hydrogen. The Debye-Waller factor of hydrogen in the hy-
the FT of this Gd-Mg contribution is much lower than that of drogenated film is much smaller than that of the other con-
the FT of the Gd-Gd EXAFS. The Gd-O contributi@aptted  stituents, indicating an enhancement of the structural order
line) and the corresponding difference file are displayed irfor the Gd-H coordination.
Fig. 4D). A clear peak is detected at around 1.9 A. The
maximum amplitude of the FT is 130% of the maximum
amplitude at the same value & in the FT of the total IV. DISCUSSION
EXAFS signal. This points to an interference effect of the
different EXAFS contributions. A very broad intense FT
peak for the Gd-H contribution can be seen in FigE)4The From the low Gd-Mg and the high Gd-Gd coordination
maximum is located at 2.1 A, with 80% of the total signal numbers as shown in Table Il, it can be concluded that the
strength. The quality of the fit is good, confirming the detec-GdMg film is already phase separated in the virgin sample.
tion of a hydrogen contribution. Inspection of Fig. 4 showsThe cubic CsCI structure, expected for the bulk alloy of
that the sum of the absolute signal strengths of the differen&d,gMgge, Would give a total of eight magnesium nearest
contributions is higher than the total measured signaheighbors, whereas in the EXAFS analysis a value of 2.7 is
strength. Comparing Figs.(@) and (D) with Fig. 4E) we  found. Since a small amount of hydrogen is also detected in
see that the peaks in the imaginary part are out of phaséhe virgin film we conclude that this phase separation is in-
confirming the antiphase behavior as mentioned above. duced by hydrogen intercalation. From Table Il it is clear
The number of independent parametelg,§), which is  that phase separation of gadolinium and magnesium is en-
allowed for the fit procedurfEg. (4)] of the EXAFS data of hanced by exposure to hydrogen. The magnesium concentra-
the virgin sample is 18 and of the loaded sample is 16. Théion in the crystallites is markedly reduced. Clearly the ga-
number of free fit parameters for both fits is 16. This meanslolinium forms clusters in which magnesium is present in
mathematically that the EXAFS data of the virgin sample aresmall amounts. A nanocrystalline composition would explain
not over fitted. Based upon the results shown in Fig. 4 wehis result satisfactorily. The fully loaded Gfgg, film is
feel confident that the analysis of the EXAFS data of theamorphous within XRD resolutiot?, hence the nanocrystal-
hydrogen loaded sample is reliable. This is further demonlites indicated by our experiments must be very small. In
strated in Fig. 5, where the calculated individual EXAFSelectrochemically determined isotherms on GdMg alloy thin
contributions are shown together with the average experifilms® clear plateaus are present, which correspond to single
mental noise level. It is clear that the small Gd-Mg contribu-element hydride formation enthalpies. The,gdgg, switch-
tion loses its significance &=>5, while the other elements able mirror therefore exhibits the same kind of phase sepa-

A. Phase separation
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ration as found for the YMg switchable mirrors in which distance of 3.63 &% According to the critical temperature of
YHj clusters are detected by XRD in the fully loaded sfdte. gadolinium?® the « state does exist in bulk metal at 77 K.
Our EXAFS results directly prove the segregation as proThe o8 phase will also consist mainly ef domains at a very
posed in the other studies. low hydrogen concentration. Therefore the dominant struc-
ture detected by EXAFS will be the-Gd phase. A second

B. Structure possibility would be the3-Gd fcc structure with a nearest-

From Table Il we see that for the as-deposited film, theheighbor distance of 3.74 &.In bulk gadolinium this struc-
total coordination (Gé Mg) around Gd is almost 12. There turé will occur at low hydrogen content. The small nearest-
are two gadolinium hydride structures that share this coordifeighbor distances measured for Gd-Gd and Gd-Mg are
nation number, if one assumes that a fraction of the gadocloser to those of the hcp structure, we therefore conclude
linium positions is taken by magnesium. TheGd hcp ge- that at low hydrogen concentrations the results for the as-

ometry would result in 12 nearest neighbors around Gd, at deposited film indicate ar-Gd hcp structure.

L T T
sk i
3 )
c: °:
- =
w w
L) S
e e
L 1 1 1
0 1 2 3 4 5
(a) R(A) ©
T T
- 3
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°§ ]
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= w
«:’u- p':c.’
e
10 1 L 1 1
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(d) R(A)

10° F.T. K% (k)
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FIG. 4. A Fourier transformskl, Ak=2.5-10 A1) of raw data(——) and fit(- - -) of the hydrogenated GdMg film. Difference files
Fourier transforms ik® of raw data(——) and fit(- - -) of (B) Gd-Gd,(C) Gd-Mg, (D) Gd-O, (E) Gd-H.
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003 —— T

The total volume expansion of the Gd clusters under hy-
" drogenation cannot be determined sincetttaxis elongation

Ve is not known. The relative expansion of the different ele-
ments and their hydrides are provided in Table IV. The lat-
tice parameters from the literature are shown for the metal

’
!
!
H
[}
@
o
1

*
/
0.02

0.01

0.00 and fully hydrogenated bulk metal. The relative volume ex-
Sx pansion is shown in the last column. The small increase of
-0.01 the nearest-neighbor distan@®y only 5% is in good agree-

i ment with the increase of the lattice parametesf 3% for
-0.02 |

bulk gadolinium. This corresponds to the expansion in the
metal plane which again suggests the detection of gado-
L ' N S linium atoms in the metal plane in this EXAFS study. From
3 4 5 6 Table IV it is clear that most of the volume expansion is
caused by the-axis elongation upon hydrogenation.

For yttrium clusters in the yttrium magnesium alloy thin

FIG. 5. Calculated¢(k) of the different atomic contributions to films an fcc structure has been reported for magnesium con-
the total fit for the hydrogenated GdMg film. The horizontal line

d he noise level in th dat centrations up to 50%For the gadolinium alloy with a high
corresponds to the noise level in the raw data. magnesium content in the alloy, the total expansion of the

film will be larger than that of a pure gadolinium film, since
The small amount of hydrogen, detected in the asthe expansion due to by the formation of magnesium dihy-

deposited film N=1.5), could be responsible for an expan- dride is much larger than that for gadolinium trihydrigee
sion of the gadolinium lattice. However, the hydrogen con-Table 1V). However, with a film composed of separate gado-
centration(7%) is very likely too low to induce a hcp to fcc  linium and magnesium clusters, the pressure to which the
transformation. Therefore the initial hydrogen cannot be regadolinium clusters are subjected in the loaded state is re-
sponsible for the smaller nearest-neighbor distances than ekated to the amount of surrounding magnesium. In Fi@\)6
pected. The clamping of the film to the glass substrate veryhe situation for the low magnesium content is schematically
likely induces sufficient strain to reduce the lattice volumedepicted. Since the magnesium clusters are completely sur-
slightly. rounded by gadolinium, the pressure will be completely ap-
The reduction of the total coordination (&dvig) around  plied to the gadolinium and the magnesium. In FiB )it is
Gd from 12 to 6 after loading with hydrogen is striking. clear that the magnesium clusters share more surface with
There are again two candidate gadolinium trinydride struceach other than with the imbedded gadolinium clusters. The
tures for high hydrogen content: hgpGdH; or fcc y-GdH;  expansion of magnesium will therefore lead mainly to an
(in analogy to the YMg resulfs both of which have 12 increase of the pressure on magnesium itself with a resulting
nearest neighbors. A face-centered-tetragonal structure fimcrease in the dimensions of the pores. If gadolinium clus-
gadolinium would result in four nearest neighbors; this wagers are completely surrounded by magnesium cluteics
not found. The hcp gadolinium trihydride structure has a6(B)], the pressure may therefore not increase dramatically.
c-axis elongation, resulting in a larger distance between th&@he absence of this additional pressure prohibits the forma-
metal planes. Therefore instead of the 12 nearest neighboti®n of the gadolinium trihydride fcc structure. The pressure
in an ideal hcp structure, only the six nearest gadoliniumdependence of the lattice structure of gadolinium trihydride
neighbors within the metal plane are expected to be includethay be considerably different from that of yttrium trihy-

in the coordination number. Comparing this value with thedride. This could prevent fcc trihydride formation in the case
total coordination (Gd Mg) of six neighbors present in the of Gd.

hydrogen-loaded sample, we consider it likely that the gado-

linium clusters have a hcp structure. However, the Gd-Gd

distance of 3.6 A as observed in the hydrogen-loaded C. Hydrogen

sample, is a little smaller than the distance of 3.73 A reported In the Gd trihydride hcp structure each gadolinium atom
for the y-GdH; hcp stateé? is surrounded by eight tetrahedral and six octahedral sites.

-0.03

KA

TABLE lIl. Gd L3 edge; fully loaded sample of GgM ggo/Pd; EXAFS analysis (28k<10 A~1) k°

weighing.

k variance
Absorber-
backscatterer N R(A) Ac? (1073 A?) AE, (V) imaginary real
Gd-Gd 5.2 3.59 6.0 9.5 0.52 0.25
Gd-Mg 0.6 3.54 18.0 -8.0
Gd-O 1.0 2.36 8.0 -7.9
Gd-H 4.1 2.43 2.6 2.4
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TABLE |V. Lattice parameters and volume expansion of bulk Y, Gd, Mg, and hydrides.

Metal Fully hydrided
Element a c a c Volume expansion
Y (Ref. 25 3.66 5.77 3.67 6.66 hcp 17%
Gd (Ref. 29 3.63 5.78 3.73 6.71 hcp 22%
Mg (Ref. 29 3.21 5.21 8.54 5.71 boRef. 26 32%

The tetrahedral sites are located close to the Gd. The hydrdection. Since only two structures are plausible, the hydrogen
gen is considered to be present at the center of each tetrah&toms in the octahedral positions or the structure in which
dron at a distance of 2.3 A from the GYThe octahedral the hydrogen atoms are shifted to the metal plane. We con-
interstitial positions are located at a much larger distance andude that the latter in which the hydrogen atoms are shifted
therefore cannot be detected. From the EXAFS analysis thigom octahedral positions to the metal plane also holds for
Gd-H coordination is found to be 4. This value is consider-GdH;.
ably lower than the number of available tetrahedral sites. For The reduced Debye-Waller factor for the Gd-H coordina-
yttrium  trihnydride a HoR structure was initially tion in the loaded film is indicative of a high structural order
proposed, ~?’with a c-axis shift of the octahedral hydrogen for hydrogen. This is in contrast to the increased structural
positions. One-third is located above and one-third below thelisorder caused by the lattice expansion of the Gd-Gd and
metal plane. The remaining one-third is positioned within theGd-Mg coordinations constituting the lattice of the GdMg
metal plane. This structure would result in three hydrogeralloy.
nearest neighbors. However, recent research on the exact lo- With the XAFS techniques, hydrogen has only recently
cation of the hydrogen atoms which are shifted from octahebeen found? as a scattering neighboring atom in the covalent
dral positions showed a noncentrosymmetric structure, ifbonding in water. Hydrogen has also been detected indirectly
which the hydrogen atoms originating from the octahedraby Pd-Pd lattice expansion using the lens effect in
positions are differently located on the metal plaRS¢cm  hydrides® Surprisingly, both in the virgin and loaded GdMg
or P63).28303L Al structures would nevertheless result in films a shell is detected which can only be fitted with hydro-
three nearest-neighbor hydrogen atoms. On the basis of ogen as a scatterer.
experimentally detected Gd-H coordination number of 4, itis A small amount of oxygen is found in the as-deposited
highly probable that the nearest-neighbor hydrogen atom8lm probably due to oxidation during evaporation. Increased
are at the displaced octahedral sites. According to neutrorexidation after loading is clear from Table Ill. This is un-
diffraction experiments on YPthe closest tetrahedral deu- avoidable since lattice transformations induce cracks through
terium position may be part of the nearest-neighbor hydrowhich oxygen can diffuse. The recently discovered optical
gen shel?” Hence the remaining detected hydrogen atomswitching properties in NiMg thin filnfscould possibly de-
can be the closest tetrahedral hydrogen atom. The other tetrease the oxidation sensitivity of these materials. Based on
rahedral hydrogen atoms are likely to be too distant for dethese experiments we cannot provide information about the
nature of the magnesium outside the gadolinium clusters.

(a) N ad (b) D. Charge transfer
The edge shift of 0.5 eV implies a positively charged

gadolinium atom. From the edge shift of 0.9 eV for fully
oxidized gadolinium in the gadolinium garnet, we conclude
that only a fraction(55%) of the three conduction electrons
is transferred to hydrogen atoms. More evidence of partial
charge transfer to the hydrogen atoms in yttrium hydrides
has been reported. From infrared spectroscopy studies on
yttrium thin films* an effective charge of Oe5on the hydro-
gen atoms has been found. An x-ray photoemission spectros-
copy study on bulk yttrium hydridé even concludes that
no charge is transferred to the hydrogen atoms during the
yttrium dihydride to trihydride transition. According to the
FIG. 6. (A) Magnesium cluster surrounded by gadolinium clus- Pressure and transmission-concentration isotherms of a gado-
ters in a low magnesium content, phase separated film, before adthium thin film,** the main optical change occurs when the
after hydrogenation. The arrows depict the net force by volumdilm is within 10% of the final concentration corresponding
expansion(B) Gadolinium cluster surrounded by magnesium in ato GdH;, as in the yttrium switchable mirror, while it is
high magnesium content, phase-separated film, before and after highown that most of the structural changes occur already on
drogenation. going from the metal to dihydride state. This implies that
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charge transfer from the gadolinium atom to the hydrogerinity. Hydrogen could be detected by EXAFS as a scatterer
atoms may be responsible for optical switching of gado4in a solid-state material. The Gd-H coordination number
linium hydrides. The metal-to-insulator transition can there-found in the hydrogenated film suggests a structure in which
fore be due to a combination of two effeci{$) structural the octahedral hydrogen atoms are shifted to the metal plane
change(i.e., lattice expansigrand (ii) charge transfer to the in gadolinium trihydride, also previously reported for yttrium
hydrogen atoms. This would be consistent with evidence fotrihydride. Only 55% of the available charge is transferred to
a charged hydrogen atom, found in lateral electromigratiorthe hydrogen atoms. This may be of crucial importance for
experiments by van der Moleet al®® Since the optical the main optical transition.
changes during the electromigration experiments are only in-
duced by the reversibly loaded hydrogen, i.e., one-third of ACKNOWLEDGMENTS
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