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X-ray absorption fine structure study of the structural and electronic properties
of the GdMg hydride switchable mirror
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Structural and electronic properties of the GdMg hydride switchable mirror have been studied with x-ray
absorption fine structure~XAFS! spectroscopy at the Gd-L3 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 of the GdL3

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.

DOI: 10.1103/PhysRevB.67.035430 PACS number~s!: 68.55.Jk, 61.10.Ht, 71.30.1h, 61.66.Dk
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I. INTRODUCTION

Switchable mirrors, based on metal hydrides,1 are inter-
esting from a scientific and a technological point of vie
The metal-insulator transition corresponding to a cha
from the optically opaque to the transparent state is an in
esting phenomenon that can be applied in electro-opt
devices.2 This metal-insulator transition occurs by hydrog
intercalation with the metal going from the di- to trihydrid
state.

Yttrium and rare-earth metal hydride thin films show
yellow transmission in the transparent state. Alloying w
magnesium provides a color-neutral switching device3,4

With higher magnesium content, the optical band gap
creases. The rare-earth magnesium alloy with high mag
sium content disproportionates under hydrogen loading,
sulting in magnesium dihydride and rare-earth trihydr
clusters.4,5 The magnesium acts as a microscopic opti
shutter; the magnesium metallic clusters are reflective w
the insulating magnesium dihydride clusters allow go
transmittance. It was proposed that magnesium switche
higher hydrogen concentrations than yttrium because of t
modynamic considerations. Observations by van der Mo
et al.6 show that yttrium trihydride stays fcc in yttrium mag
nesium alloys due to large stresses in the film caused by
relatively large magnesium to magnesium dihydride volu
expansion. Recent research showed that magnesium n
alloys also exhibit optical switching,7 although the reflection
and transmission contrasts are less than those of the
earth based switchable mirrors.

Band-structure calculations do not yield an unambigu
interpretation for the appearance of the band gap on hy
gen intercalation.8 Different structural and electronic varia
tions of the HoD3 structure were proposed.9 It is assumed
that conduction electrons are captured by the hydrogen
oms, creating a negatively charged hydrogen ion in the
rahedral and octahedral sites. Not all possible hydrogen
0163-1829/2003/67~3!/035430~8!/$20.00 67 0354
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sitions are occupied. In the Kondo insulator model of N
et al.,10 the donated electron from a hydrogen vacancy
strongly localized. The Gutzwiller renormalization of the h
drogen band width results in the formation of a band gap
the model of Kellyet al.,11 a small displacement of the hy
drogen atoms is considered to be responsible for the crea
of a band gap. GW calculations by van Gelderenet al.12

show that the existence of a band gap does not necess
require symmetry lowering as proposed by Kellyet al.11

However, a superposition of possible broken symme
structures would result in the HoD3 structure13 preventing
the detection of a broken symmetry structure.

Recent studies with IR spectroscopy14 show that on aver-
age one electron is transferred to every two hydrogen at
in YH32d . These results are not in line with the assumptio
made in the band-structure calculations. The extent of cha
transfer from the rare-earth atom, forming the host lattice
the interstitial hydrogen atoms obviously remains a sub
of debate. X-ray diffraction~XRD! studies suggest phas
separation in the rare-earth Mg alloys by the detection of
separate element hydrides. The extent of phase separati
still unclear. Gadolinium magnesium alloy films with mo
than 50% magnesium are even XRD amorphous.15 Therefore
an investigation of the structure of rare-earth magnesium
loys on a local atomic scale could provide details about
structural anomalies. The lattice positions of hydrogen wit
the alloy or segregated thin film could yield more insight in
the nature of the metal-insulator transition.

X-ray absorption fine structure~XAFS! is a technique
well suited for determining structural and electronic prop
ties of solids. The edge position is related to the oxidat
state of the probed atom. From the x-ray absorption ne
edge ~XANES! region, information about the electroni
structure and the medium-range order can be deriv
EXAFS ~extended x-ray absorption fine structure! provides
information about the local structure, such as the nature
number of surrounding atoms and interatomic distances.
long-range order is required for XAFS spectroscopy.
©2003 The American Physical Society30-1
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M. Di VECE et al. PHYSICAL REVIEW B 67, 035430 ~2003!
In this study we have investigated GdMg polycrystalli
films with XAFS spectroscopy at the Gd-L3 edge in the as-
deposited and fully hydrogenated states. Electronic inform
tion was extracted from the absorption edge shift and n
edge structure. From the EXAFS spectrum we have obse
phase separation in the alloy. We were able to locate hy
gen directly as a scatterer in a lattice structure.

II. EXPERIMENT

A. Sample preparation

Gd40Mg60 polycrystalline layers were deposited on th
glass slides by evaporation at 1027 mbar base pressure at
deposition rate of 1 nm/s. During pre-evaporation the me
vapor acts as a getter, reducing the ambient oxygen pres
considerably. For the sake of convenience the films will
denoted by GdMg. They are nominally 1-mm thick with a
50-nm caplayer of palladium The palladium serves as a c
lyst for hydrogen dissociation and protects the film agai
oxidation. These GdMg films are similar to those describ
by Van der Sluiset al.3

B. Data collection

The XAFS spectra at the Gd-L3 edge were obtained at th
HASYLAB ~Hamburg, Germany! beamline X1.1, which was
equipped with a Si~311! double-crystal monochromator. A
measurements were performed in a standard cell16 in the
transmission mode using ionization chambers filled with
Ar/N2 mixture. Three stacked samples were used for a g
signal-to-noise ratio. Measurements were performed on
as-deposited and fully hydrogen-loaded films. Loading of
samples to the ‘‘trihydride’’ state was achieved by applying
hydrogen flush at room temperature. The spectra were m
sured at 77 K. A gadolinium garnet powder XAFS spectru
was used to provide information on the edge position
gadolinium in the oxidized state.

C. Data analysis

The XDAP program developed by Vaarkampet al.17 was
used for data analysis. Three scans were averaged du
data reduction. The pre-edge background was approxim
by a modified Victoreen function before subtraction.18 The
edge energy was determined with the maximum of the fi
derivative of the spectrum. The spectrum was backgro
corrected with a cubic spline routine.19 Normalization was
performed by dividing the background of the absorpti
spectrum by the height of the absorption edge after 50
leading to normalized EXAFS data.

Gd-Gd, Gd-Mg, Gd-O, and Gd-H references used for
fitting procedure were calculated withFEFF8.20 The Gd-Gd
and Gd-O references where calibrated with a Gd thin fi
and a garnet, respectively. A Hedin-Linquist potentia20

was used to calculate the phase shift and the backscatt
amplitude. The crystallographic data and input parame
for FEFF used to create the EXAFS references are listed
Table I.

The difference file technique was applied together w
Fourier transforms to resolve the different contributions
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the EXAFS data.21 If the experimental spectrum is compose
of different contributions, then

expt. data5(
i 51

N

~fit! i , ~1!

where (fit)i represents the fitted contribution of coordinatio
shell i. For each individual contribution the following equa
tion should then logically be valid:

~fit! j5expt. data2 (
i 51 and iÞ j

N

~fit! i . ~2!

The right-hand side of Eq.~2! is further denoted as the dif
ference file of shellj in which the noise is contained. A goo
fit is obtained only if the total fit and each individual con
tributing co-ordination shell describe correctly the expe
mental EXAFS and the difference file, respectively. In th
way not only the total EXAFS fit, but also the individual fit
of all separate contributions can be determined reliably. O
timization has also been performed with different powers
k. This enables a selectivity with respect to light~H! and
heavy~Gd! scatterers during this procedure.

The EXAFS data-analysis programXDAP allows multiple-
shell fitting in R space by minimizing the residuals betwe
both the absolute and the imaginary part of the Fourier tra
forms ~FT! of the data and the fit.R-space fitting has impor-
tant advantages compared to the usual fitting ink space and
is extensively discussed in a recent paper by Koningsbe
et al.21 The variances of the magnitude and the imagin
part of the Fourier transforms of fit and data were calcula
according to

variance5
*$kn@FTmodel

n ~R!2FTexp
n ~R!#%2dR

*@knFTexp
n ~R!#2dR

3100. ~3!

In this study the statistical significance of a contribution w
checked by a comparison of the amplitude of (fit)j with the
noise level present in the difference file~the noise in the
difference file is essentially the same as the noise in
experimental data!.

The number of independent parameters (Nind) was deter-
mined as outlined in the ‘‘Reports on Standard and Crite
in XAFS Spectroscopy:’’22

Nind5
2DkDR

p
12. ~4!

TABLE I. Crystallographic data and input parameters forFEFF

used to create the reference files.

Absorber-
backscatterer N R ~Å! S0

2 Vr ~eV! Vi ~eV!

Gd-Gd 1 3.5 1 4.78 0
Gd-Mg 1 3.5 1 0 0
Gd-O 1 2.4 1 0 0
Gd-H 1 2 1 0 0
0-2
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X-RAY ABSORPTION FINE STRUCTURE STUDY OF . . . PHYSICAL REVIEW B 67, 035430 ~2003!
The accuracy of XAFS data analysis was considered by K
ingsbergeret al.,21 in which the errors are estimated to be 5
in the coordination and 1% in the distance.

III. RESULTS

The normalizedL3 x-ray absorption near-edge spectra f
the GdMg layers are shown in Fig. 1. It is clear that in t
fully loaded state~dotted line!, the intensity of the absorption
edge has increased with respect to that of the virgin sam
This can be directly related to an increase in the numbe
holes in thed band. From the inset of Fig. 1, a shift of th
edge to higher energy is also clearly observed. The dif
ence between the energy at half maximum of the two abs
tion edge spectra is found to be 0.5 eV. This shift implie
positively charged gadolinium atom. The shift of the G
edge position in garnet with respect to that of the metal is
eV.

Figure 2~A! shows the raw EXAFS data for the virgi
sample~solid line! and the loaded film~dotted line!. The
loaded film has a significantly lower EXAFS amplitude th
the virgin film. The virgin film exhibits a gradual decrease
the signal strength, while the loaded film shows a sud
decrease of the absorption afterk54, suggesting the domi
nant presence of a lowZ scatterer~i.e., hydrogen!. In Fig.
2~B! the k0 weighed Fourier transforms of both EXAF
spectra are shown. Thek0 weighing has been chosen to em
phasize the low-k region of the EXAFS spectrum, in whic
the hydrogen and oxygen contributions are dominant. T
virgin film ~solid line! peaks at 2.8 Å, with a much highe
magnitude than the considerably smoother distribution of
loaded film~dotted line!.

Thek0 weighed Fourier transform of the raw EXAFS da
~solid line! of the as-deposited film together with the FT
the fit (1,R,4 Å) of the EXAFS spectrum~dotted line! are
shown in Fig. 3. Four different scatterers, gadolinium, m
nesium, oxygen, and hydrogen, had to be included in orde
fit the data effectively. The fit matches the experimental d
very well for values ofR between 1.5 and 3.5 Å. Table I
contains the resulting EXAFS coordination parameters. T

FIG. 1. The absorption spectra for the GdMg thin film in t
as-deposited state~ ! and after hydrogenation~- - -!. In the inset
the edge region is enlarged with the garnet spectrum included~-•-!.
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Gd-Gd coordination number is three times larger than tha
Gd-Mg. The total coordination~Gd plus Mg! around Gd is
almost 12, while the Gd-Mg distance is about 0.22 Å sma
than the Gd-Gd distance. A small average number of oxy
and hydrogen neighboring atoms could also be detec
around Gd with a coordination distance of 2.40 and 2.26
respectively.

In Fig. 4~A!, the k0 weighed Fourier transform of the
loaded film ~solid line! is shown together with the best fi

FIG. 2. ~A! The EXAFS data after normalization and~B! The
Fourier transform (k0, Dk52.5– 11 Å21) for the as-deposited~!
and the hydrogenated~- - -! GdMg films.

FIG. 3. Fourier transforms (k0, Dk52.5– 11 Å21) of raw data
~ ! and fit ~- - -! of the as deposited GdMg film.
0-3
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TABLE II. Gd L3 edge; sample Gd40Mg60/Pd as-synthesised; EXAFS analysis (2.5,k,11 Å21) k0

weighing.

Absorber-
backscatterer N R ~Å! Ds2 (1023 Å 2) DE0 ~eV!

k variance

imaginary real

Gd-Gd 8.9 3.45 6.8 13.0 0.18 0.08
Gd-Mg 2.7 3.23 3.6 25.1
Gd-O 0.2 2.40 5.0 27.0
Gd-H 1.5 2.26 5.0 3.0
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(1,R,4 Å) ~dotted line!. The absolute part of the trans
form shows two clear maxima at 1.7 and 2.9 Å, with a loc
minimum in between. This fit with the same four scatter
as detected for the virgin sample agrees well with the exp
mental data between 1 and 3.5 Å. The individual contrib
tions to the fit as extracted with the difference file techniq
are plotted in Figs. 4~B!–~E!. A well-defined single peak can
be observed in Fig. 4~B! for the calculated Gd-Gd EXAFS a
2.9 Å ~dotted line! and the corresponding difference fi
~solid line!. The amplitude of the FT is about 70% of th
amplitude of the FT of the total EXAFS spectrum@Fig.
4~A!#. In Fig. 4~C!, the Gd-Mg EXAFS contribution~dotted
line! and the corresponding difference file~solid line! are
shown. A maximum can be located at 3.1 Å; however, the
is distributed over a long range inR space due to a larg
Debye-Waller factor. The amplitude of the FT of the Gd-M
contribution is about 15% of the amplitude of the FT of t
total EXAFS. It is clear that the signal-to-noise~S/N! ratio of
the FT of this Gd-Mg contribution is much lower than that
the FT of the Gd-Gd EXAFS. The Gd-O contribution~dotted
line! and the corresponding difference file are displayed
Fig. 4~D!. A clear peak is detected at around 1.9 Å. T
maximum amplitude of the FT is 130% of the maximu
amplitude at the same value ofR in the FT of the total
EXAFS signal. This points to an interference effect of t
different EXAFS contributions. A very broad intense F
peak for the Gd-H contribution can be seen in Fig. 4~E!. The
maximum is located at 2.1 Å, with 80% of the total sign
strength. The quality of the fit is good, confirming the dete
tion of a hydrogen contribution. Inspection of Fig. 4 sho
that the sum of the absolute signal strengths of the diffe
contributions is higher than the total measured sig
strength. Comparing Figs. 4~C! and ~D! with Fig. 4~E! we
see that the peaks in the imaginary part are out of ph
confirming the antiphase behavior as mentioned above.

The number of independent parameters (Nind), which is
allowed for the fit procedure@Eq. ~4!# of the EXAFS data of
the virgin sample is 18 and of the loaded sample is 16. T
number of free fit parameters for both fits is 16. This mea
mathematically that the EXAFS data of the virgin sample
not over fitted. Based upon the results shown in Fig. 4
feel confident that the analysis of the EXAFS data of
hydrogen loaded sample is reliable. This is further dem
strated in Fig. 5, where the calculated individual EXAF
contributions are shown together with the average exp
mental noise level. It is clear that the small Gd-Mg contrib
tion loses its significance atk55, while the other element
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remain significant up tok59. The gadolinium and hydroge
contributions are most prominent at low-k values. The hydro-
gen contribution decreases very rapidly in comparison to
the other contributions

In Table III the results of the analysis of the EXAFS da
of the hydrogen-exposed GdMg film are given. The Gd-
and the Gd-Mg coordination numbers have decreased
40% and 70%, respectively, compared to those of the
deposited film. The total coordination around Gd contrib
ing to the metal lattice is 9.5. This number is significan
lower than the total Gd coordination of the unhydrogena
sample. A large increase in the Gd-H coordination numbe
observed after loading with hydrogen. Also the Gd-O co
dination number has increased. Moreover, all interatom
distances have increased under hydrogen loading, excep
the Gd-O distance. The degree of disorder, as represente
the Debye-Waller factor, increases for all components exc
hydrogen. The Debye-Waller factor of hydrogen in the h
drogenated film is much smaller than that of the other c
stituents, indicating an enhancement of the structural or
for the Gd-H coordination.

IV. DISCUSSION

A. Phase separation

From the low Gd-Mg and the high Gd-Gd coordinatio
numbers as shown in Table II, it can be concluded that
GdMg film is already phase separated in the virgin samp
The cubic CsCl structure, expected for the bulk alloy
Gd40Mg60, would give a total of eight magnesium neare
neighbors, whereas in the EXAFS analysis a value of 2.
found. Since a small amount of hydrogen is also detecte
the virgin film we conclude that this phase separation is
duced by hydrogen intercalation. From Table III it is cle
that phase separation of gadolinium and magnesium is
hanced by exposure to hydrogen. The magnesium conce
tion in the crystallites is markedly reduced. Clearly the g
dolinium forms clusters in which magnesium is present
small amounts. A nanocrystalline composition would expla
this result satisfactorily. The fully loaded Gd40Mg60 film is
amorphous within XRD resolution;15 hence the nanocrystal
lites indicated by our experiments must be very small.
electrochemically determined isotherms on GdMg alloy th
films23 clear plateaus are present, which correspond to sin
element hydride formation enthalpies. The Gd40Mg60 switch-
able mirror therefore exhibits the same kind of phase se
0-4
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X-RAY ABSORPTION FINE STRUCTURE STUDY OF . . . PHYSICAL REVIEW B 67, 035430 ~2003!
ration as found for the YMg switchable mirrors in whic
YH3 clusters are detected by XRD in the fully loaded state4,6

Our EXAFS results directly prove the segregation as p
posed in the other studies.

B. Structure

From Table II we see that for the as-deposited film,
total coordination (Gd1Mg) around Gd is almost 12. Ther
are two gadolinium hydride structures that share this coo
nation number, if one assumes that a fraction of the ga
linium positions is taken by magnesium. Thea-Gd hcp ge-
ometry would result in 12 nearest neighbors around Gd,
03543
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distance of 3.63 Å.24 According to the critical temperature o
gadolinium,25 the a state does exist in bulk metal at 77 K
Theab phase will also consist mainly ofa domains at a very
low hydrogen concentration. Therefore the dominant str
ture detected by EXAFS will be thea-Gd phase. A second
possibility would be theb-Gd fcc structure with a neares
neighbor distance of 3.74 Å.25 In bulk gadolinium this struc-
ture will occur at low hydrogen content. The small neare
neighbor distances measured for Gd-Gd and Gd-Mg
closer to those of the hcp structure, we therefore concl
that at low hydrogen concentrations the results for the
deposited film indicate ana-Gd hcp structure.
s
FIG. 4. A Fourier transforms (k0, Dk52.5– 10 Å21) of raw data~ ! and fit ~- - -! of the hydrogenated GdMg film. Difference file
Fourier transforms ink0 of raw data~ ! and fit ~- - -! of ~B! Gd-Gd,~C! Gd-Mg, ~D! Gd-O, ~E! Gd-H.
0-5
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The small amount of hydrogen, detected in the
deposited film (N51.5), could be responsible for an expa
sion of the gadolinium lattice. However, the hydrogen co
centration~7%! is very likely too low to induce a hcp to fcc
transformation. Therefore the initial hydrogen cannot be
sponsible for the smaller nearest-neighbor distances than
pected. The clamping of the film to the glass substrate v
likely induces sufficient strain to reduce the lattice volum
slightly.

The reduction of the total coordination (Gd1Mg) around
Gd from 12 to 6 after loading with hydrogen is strikin
There are again two candidate gadolinium trihydride str
tures for high hydrogen content: hcpg-GdH3 or fcc g-GdH3
~in analogy to the YMg results4!, both of which have 12
nearest neighbors. A face-centered-tetragonal structure
gadolinium would result in four nearest neighbors; this w
not found. The hcp gadolinium trihydride structure has
c-axis elongation, resulting in a larger distance between
metal planes. Therefore instead of the 12 nearest neigh
in an ideal hcp structure, only the six nearest gadolini
neighbors within the metal plane are expected to be inclu
in the coordination number. Comparing this value with t
total coordination (Gd1Mg) of six neighbors present in th
hydrogen-loaded sample, we consider it likely that the ga
linium clusters have a hcp structure. However, the Gd-
distance of 3.6 Å as observed in the hydrogen-load
sample, is a little smaller than the distance of 3.73 Å repor
for the g-GdH3 hcp state.25

FIG. 5. Calculatedx(k) of the different atomic contributions to
the total fit for the hydrogenated GdMg film. The horizontal lin
corresponds to the noise level in the raw data.
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The total volume expansion of the Gd clusters under
drogenation cannot be determined since thec-axis elongation
is not known. The relative expansion of the different e
ments and their hydrides are provided in Table IV. The l
tice parameters from the literature are shown for the m
and fully hydrogenated bulk metal. The relative volume e
pansion is shown in the last column. The small increase
the nearest-neighbor distance~by only 5%! is in good agree-
ment with the increase of the lattice parametera of 3% for
bulk gadolinium. This corresponds to the expansion in
metal plane which again suggests the detection of ga
linium atoms in the metal plane in this EXAFS study. Fro
Table IV it is clear that most of the volume expansion
caused by thec-axis elongation upon hydrogenation.

For yttrium clusters in the yttrium magnesium alloy th
films an fcc structure has been reported for magnesium c
centrations up to 50%.6 For the gadolinium alloy with a high
magnesium content in the alloy, the total expansion of
film will be larger than that of a pure gadolinium film, sinc
the expansion due to by the formation of magnesium di
dride is much larger than that for gadolinium trihydride~see
Table IV!. However, with a film composed of separate gad
linium and magnesium clusters, the pressure to which
gadolinium clusters are subjected in the loaded state is
lated to the amount of surrounding magnesium. In Fig. 6~A!
the situation for the low magnesium content is schematic
depicted. Since the magnesium clusters are completely
rounded by gadolinium, the pressure will be completely a
plied to the gadolinium and the magnesium. In Fig. 6~B! it is
clear that the magnesium clusters share more surface
each other than with the imbedded gadolinium clusters. T
expansion of magnesium will therefore lead mainly to
increase of the pressure on magnesium itself with a resul
increase in the dimensions of the pores. If gadolinium cl
ters are completely surrounded by magnesium clusters@Fig.
6~B!#, the pressure may therefore not increase dramatic
The absence of this additional pressure prohibits the for
tion of the gadolinium trihydride fcc structure. The pressu
dependence of the lattice structure of gadolinium trihydr
may be considerably different from that of yttrium trihy
dride. This could prevent fcc trihydride formation in the ca
of Gd.

C. Hydrogen

In the Gd trihydride hcp structure each gadolinium ato
is surrounded by eight tetrahedral and six octahedral s
TABLE III. Gd L3 edge; fully loaded sample of Gd40Mg60/Pd; EXAFS analysis (2.5,k,10 Å21) k0

weighing.

Absorber-
backscatterer N R ~Å! Ds2 (1023 Å 2) DE0 ~eV!

k variance

imaginary real

Gd-Gd 5.2 3.59 6.0 9.5 0.52 0.25
Gd-Mg 0.6 3.54 18.0 28.0
Gd-O 1.0 2.36 8.0 27.9
Gd-H 4.1 2.43 2.6 2.4
0-6
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TABLE IV. Lattice parameters and volume expansion of bulk Y, Gd, Mg, and hydrides.

Element

Metal Fully hydrided

Volume expansiona c a c

Y ~Ref. 25! 3.66 5.77 3.67 6.66 hcp 17%
Gd ~Ref. 24! 3.63 5.78 3.73 6.71 hcp 22%
Mg ~Ref. 24! 3.21 5.21 8.54 5.71 bcc~Ref. 26! 32%
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The tetrahedral sites are located close to the Gd. The hy
gen is considered to be present at the center of each tet
dron at a distance of 2.3 Å from the Gd.24 The octahedral
interstitial positions are located at a much larger distance
therefore cannot be detected. From the EXAFS analysis
Gd-H coordination is found to be 4. This value is consid
ably lower than the number of available tetrahedral sites.
yttrium trihydride a HoD3 structure was initially
proposed,27–29with a c-axis shift of the octahedral hydroge
positions. One-third is located above and one-third below
metal plane. The remaining one-third is positioned within
metal plane. This structure would result in three hydrog
nearest neighbors. However, recent research on the exa
cation of the hydrogen atoms which are shifted from octa
dral positions showed a noncentrosymmetric structure
which the hydrogen atoms originating from the octahed
positions are differently located on the metal plane (P63cm
or P63).28,30,31 All structures would nevertheless result
three nearest-neighbor hydrogen atoms. On the basis o
experimentally detected Gd-H coordination number of 4, i
highly probable that the nearest-neighbor hydrogen ato
are at the displaced octahedral sites. According to neut
diffraction experiments on YD3 the closest tetrahedral deu
terium position may be part of the nearest-neighbor hyd
gen shell.27 Hence the remaining detected hydrogen at
can be the closest tetrahedral hydrogen atom. The other
rahedral hydrogen atoms are likely to be too distant for

FIG. 6. ~A! Magnesium cluster surrounded by gadolinium clu
ters in a low magnesium content, phase separated film, before
after hydrogenation. The arrows depict the net force by volu
expansion.~B! Gadolinium cluster surrounded by magnesium in
high magnesium content, phase-separated film, before and afte
drogenation.
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tection. Since only two structures are plausible, the hydro
atoms in the octahedral positions or the structure in wh
the hydrogen atoms are shifted to the metal plane. We c
clude that the latter in which the hydrogen atoms are shif
from octahedral positions to the metal plane also holds
GdH3.

The reduced Debye-Waller factor for the Gd-H coordin
tion in the loaded film is indicative of a high structural ord
for hydrogen. This is in contrast to the increased structu
disorder caused by the lattice expansion of the Gd-Gd
Gd-Mg coordinations constituting the lattice of the GdM
alloy.

With the XAFS techniques, hydrogen has only recen
been found32 as a scattering neighboring atom in the covale
bonding in water. Hydrogen has also been detected indire
by Pd-Pd lattice expansion using the lens effect
hydrides.33 Surprisingly, both in the virgin and loaded GdM
films a shell is detected which can only be fitted with hydr
gen as a scatterer.

A small amount of oxygen is found in the as-deposit
film probably due to oxidation during evaporation. Increas
oxidation after loading is clear from Table III. This is un
avoidable since lattice transformations induce cracks thro
which oxygen can diffuse. The recently discovered opti
switching properties in NiMg thin films7 could possibly de-
crease the oxidation sensitivity of these materials. Based
these experiments we cannot provide information about
nature of the magnesium outside the gadolinium clusters

D. Charge transfer

The edge shift of 0.5 eV implies a positively charge
gadolinium atom. From the edge shift of 0.9 eV for ful
oxidized gadolinium in the gadolinium garnet, we conclu
that only a fraction~55%! of the three conduction electron
is transferred to hydrogen atoms. More evidence of par
charge transfer to the hydrogen atoms in yttrium hydrid
has been reported. From infrared spectroscopy studies
yttrium thin films14 an effective charge of 0.5e on the hydro-
gen atoms has been found. An x-ray photoemission spec
copy study on bulk yttrium hydrides34 even concludes tha
no charge is transferred to the hydrogen atoms during
yttrium dihydride to trihydride transition. According to th
pressure and transmission-concentration isotherms of a g
linium thin film,23 the main optical change occurs when t
film is within 10% of the final concentration correspondin
to GdH3, as in the yttrium switchable mirror, while it is
known that most of the structural changes occur already
going from the metal to dihydride state. This implies th
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charge transfer from the gadolinium atom to the hydrog
atoms may be responsible for optical switching of gad
linium hydrides. The metal-to-insulator transition can the
fore be due to a combination of two effects:~i! structural
change~i.e., lattice expansion! and~ii ! charge transfer to the
hydrogen atoms. This would be consistent with evidence
a charged hydrogen atom, found in lateral electromigrat
experiments by van der Molenet al.35 Since the optical
changes during the electromigration experiments are only
duced by the reversibly loaded hydrogen, i.e., one-third
the hydrogen content, it is not necessary that all charg
transferred to the other hydrogen positions.

V. CONCLUSIONS

The Gd40Mg60 hydride switchable mirrors are phase se
regated in the as-deposited film and segregation is enha
by hydrogen loading. A hcp lattice structure for the sm
gadolinium clusters could be established both for the
deposited and the hydrogenated film, suggesting nanocry
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