
APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 7 12 AUGUST 2002
Optical switching properties from isotherms of Gd and GdMg
hydride mirrors

M. Di Vece,a) S. J. M. Zevenhuizen, and J. J. Kelly
Debye Institute, Physics and Chemistry of Condensed Matter, Utrecht University, P.O. Box 80 000,
3508 TA Utrecht, The Netherlands

~Received 19 March 2002; accepted for publication 17 June 2002!

Concentration–pressure isotherms were measured together with the optical transmission in
polycrystalline Gd and GdMg thin-film switchable mirrors. Formation plateaus in GdMg alloys,
corresponding to gadolinium dihydride and trihydride as well as magnesium dihydride have been
found. From these, the formation enthalpies could be calculated. These results show that the GdMg
alloys are phase separated. From the onset of the transmission we conclude that the formation of
gadolinium trihydride is the final stage in the switching process. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1499765#
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Optical switching devices are of considerable tech
logical interest. Switchable mirrors based on the rare-e
metal hydrides, discovered in 1996,1 allow a controlled
change in reflectance, absorbance, and transmittance of
These thin films show a reversible metal-to-insulator tran
tion on going from the dihydride to the trihydride state. T
metal state is opaque, while the insulator is transparent.
lanthanide trihydrides, however, are yellow in transmissi
Color neutrality, necessary for technological applicatio
can be achieved by alloying the metal with magnesium2,3 or
by use of multilayers;4 the reason for this optical effect i
still the subject of debate.5

Pressure–concentration isotherms provide informa
on formation enthalpies.6 A plateau in the isotherm, corre
sponds to the coexistence of two different phases. Kno
edge of these phases, particularly those accompanying
optical change, are important for determining the mechan
of optical switching in these alloys. From the plateau pr
sure it is possible to estimate the corresponding forma
enthalpy of the high concentration phase with the relatio6
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whereSH2

0 5130.8 J/K mol H is the standard molar entropy

hydrogen gas.
Electrochemical loading offers a double advantage:

concentration of hydrogen in the film can be controlled
curately, and extremely low pressures can be achieve7,8

The adsorbed hydrogen diffuses into the material; the c
centration of hydrogen in the film,x, ~hydrogen/metal
atomic ratio! is proportional to the charge transferred in t
electrochemical reaction.7 With the galvanostatic intermitten
titration technique~GITT!,9 the equilibrium potentialUe ,
which is measured in open circuit after a current pulse, p
vides us, via the Nernst equation, with the equivalent hyd
gen pressurepH2

:8
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nF

RTG . ~2!

Here,F is the Faraday constant,R the universal gas constan
T the temperature, andn the number of electrons involved i
the hydrogen evolution reaction (n52). The hydrogen pres
sure is expressed in bar. An electrochemical glass cell wi
Hg/HgO reference electrode and platinum counter electr
was used for the measurements. The equilibrium potentia
relative to the electrochemical potential of the reference e
trode, leading to an addition factor of 0.926.

The active layers were nominally 200-nm-thick, pol
crystalline Gd, Gd70Mg30, Gd38Mg62, Gd26Mg74, and
Gd17Mg83 films top coated with a thin palladium laye
~nominal thickness 10 nm!. The palladium acts as a cataly
for hydrogenation and protects the film from oxidation. T
layers were deposited on a conducting indium–tin–ox
~ITO! layer on a glass substrate. To ensure good adhesio
the GdMg alloy, a 0.5-nm-thick magnesium layer was fi
evaporated onto the ITO. The layers were deposited by c
ventional evaporation techniques at 1027 mbar base pressur
and analyzed with Rutherford backscattering to determ
thickness and composition. A platinum lead was fixed w
silver glue~2400 Circuit Works Conductive Epoxy, Agar Sc
entific! on the free ITO, and both the lead and the ITO we
protected from the solution by Apiezon. The active surfa
area was 1.3 cm2. The 1 M KOH solution was deaerated b
purging with argon gas at room temperature. A potentios
galvanostat~EG&G Princeton Applied Research 273A! was
computer controlled by in-house developed programs~Lab-
View!. Transmission was measured with a diode laser~Vec-
tor, 670 nm! and a standard photodiode. X-ray diffractio
~XRD! experiments were performed with the INEL PSD 1
powder diffraction system. The GdMg alloy has previous
been investigated by electrochemical10 and
photoelectrochemical11 methods.

In Fig. 1, pressure–concentration isotherms are sho
together with the transmission for a pure gadolinium film a
three different gadolinium magnesium alloys. From Fig. 1~a!
it is clear that the isotherm for the Gd film displays a pre
sure plateau up tox51.2. From the pressure of this low
3 © 2002 American Institute of Physics
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FIG. 1. Pressure–concentration isotherms~squares! for Gd and GdMg determined with the galvanostatic intermittent titration technique. The correspo
normalized transmission~triangles! is also shown as a function of concentration.
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hydrogen concentration plateau we calculate a formation
thalpy of 2107 kJ/mol H, which is in good agreement wi
the reported value for GdH2 of 2104 kJ/mol H.12 We, there-
fore, ascribe this plateau to thea→b transition (hcp
→fcc).12 Notten13 found a much higher plateau pressu
possibly due to inhomogeneous loading, caused by Oh
losses in the layer; a conducting substrate was not use
this case. The plateau pressure in our experiment agrees
with that reported for yttrium switchable mirrors.7 This is
expected since the gadolinium and yttrium dihydride form
tion enthalpies are almost identical. The transmission be
to increase slightly atx51.3, and decreases atx51.7. This
optical window has also been observed for yttrium film7

Van Goghet al.14 explain this feature by a screening of th
plasma energy and a low interband absorption coeffici
leading to lower absorption. This optical change is accom
nied by a drastic increase in the pressure, as thea→b tran-
sition (hcp→fcc) is completed. In the range after the sha
pressure increase, theb→g (fcc→hcp) transition should oc
cur. It is clear that a plateau cannot be distinguished; con
quently, the formation enthalpy of GdH3 cannot be estab
lished from Fig. 1~a!. The transmission increases during t
last part of the formation of this phase and remains cons
when a pressure of 1021 bar of hydrogen has been reache
This final plateau pressure is the result of the equilibri
between absorbed hydrogen in the film and hydrogen ga
the electrode/electrolyte interface. Because of hydrogen e
lution, the determination of the amount of absorbed hyd
gen becomes inaccurate forx values larger than 2.6.7

A comparison of these results with corresponding res
for yttrium ~Ref. 7! shows that the isotherms are similar e
cept that the small transmission window and the onset of
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pressure increase at the end of thea→b transition occur at
higherx in the case of yttrium. The concentration differen
of this feature isDx50.4. For nanocrystalline metal hy
drides it is known that grain size influences the isotherm15

the extent of the miscibility gap can differ considerably. Th
could be the reason for the difference between the yttri
and gadolinium studies. An error in concentration determi
tion is caused by some hydrogen incorporation during fi
deposition. This can also be responsible for the concentra
difference.

In Figs. 1~b! and 1~c! it is clear that for Gd70Mg30 and
Gd38Mg62 a pressure plateau at low hydrogen concentrat
is also observed with the gadolinium magnesium alloy. T
formation enthalpies calculated from this first plateau,296
and 2108 kJ/mol H for Gd70Mg30 and Gd38Mg62 respec-
tively, are close to the literature value of2104 kJ/mol H
~Ref. 12! and our experimental value of2107 kJ/mol H for
Gd→GdH2. The fact that a GdH2 formation plateau is found
at the gadolinium bulk pressure level suggests disproport
ation of these GdMg alloys, resulting in gadolinium dih
dride and magnesium clusters. EXAFS studies on the Gd
alloy16 show that on hydrogen loading the coordination nu
ber of gadolinium by magnesium decreases markedly, in
cating segregation. Nagengastet al.3 reported disproportion-
ation in a Y50Mg50 film, during the first loading with
hydrogen in the gas phase. This results in magnesium
yttrium clusters of very small size.

In Fig. 1~b! there is an indication of a second plate
after which the pressure continues to rise up to the hydro
evolution plateau. In Fig. 1~c!, a second plateau fromx51 to
x52.1 is clearly visible. The formation enthalpy o
241 kJ/mol H calculated from this plateau is in good agre
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ment with the reported value of242 kJ/mol H for MgH2 in a
thin stressed film.3 Since the formation enthalpies of GdH3

@246 kJ/mol H ~Ref. 12!# and MgH2 are similar, it is not
surprising that we do not find a pressure separation in
second range. This second plateau extends over a rangDx
51.1, too large for that corresponding to GdH3 formation
(Dx50.4) only. The plateau can be ascribed largely to
formation of MgH2. It is, however, difficult to determine the
exact extent since a large part of the isotherm is consider
curved, probably due to the presence of hydrogen site
different energies.

The first plateau is completely absent in the isother
with 26% gadolinium~not shown! and 17% gadolinium@Fig.
1~d!#. There is, nevertheless, a jump from low to higher pr
sures, indicating that a small amount of gadolinium dih
dride is still being formed. The range of the MgH2 plateau
for the Gd17Mg83 film @Fig. 1~d!# is Dx51.4; this should be
Dx51.7. This difference is probably due to grain si
effects.15 The small increase in transmission when the hyd
gen evolution plateau has been reached (x52.2) is probably
due to incomplete loading of alloys with high magnesiu
concentration.17

The optical transmission window at low hydrogen co
centration is absent in the magnesium alloy films.2 For the
yttrium magnesium alloy, Nagengastet al.3 suggested tha
the magnesium clusters act as a microscopic optical shu
They also suggested that the yttrium clusters switch optic
to the trihydride state before the magnesium clusters, s
the yttrium trihydride formation enthalpy is a little lowe
From our isotherms we conclude that gadolinium dihydr
clusters are being formed for a gadolinium content of m
than 38%. Magnesium dihydride is also clearly detectable
a magnesium content of more than 30%. XRD experime
on the virgin Gd38Mg62 and Gd17Mg83 samples do not show
crystalline magnesium or gadolinium. This could be cau
by the high signal strength of the ITO, masking gadoliniu
and magnesium or the crystallites may be very sm
(,10 nm).

Since the transmission is measured as a function of
drogen concentration for different GdMg alloys, it is possib
to link the sequence of hydride formation steps to the opt
changes. The relation between the partial and total hydro
concentrations is given by

r GdxGd1r MgxMg5x, ~3!

in which r Gd andr Mg are the composition ratios andxGd and
xMg are the partial hydrogen concentrations. Assuming t
the magnesium is completely transformed to magnesium
hydride before the transmission increase (xMg52), we find
by Eq. ~3! that the onset of the transmission calculated
Gd70Mg30 and Gd38Mg62 corresponds toxGd52 ~gadolinium
dihydride!. If it is assumed that gadolinium forms the trihy
dride (xGd53) before the onset of the transmission increa
Downloaded 12 Sep 2006 to 131.211.45.26. Redistribution subject to AIP
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different values are found for the magnesium concentra
(xMg) at the transmission onset for the two alloys. This su
gests strongly that the final process causing the transmis
increase in these alloys is the formation of gadolinium trih
dride. This procedure is not valid for the high magnesiu
alloy (Gd17Mg83), probably due to considerably fewer gad
linium clusters.

Pressure–concentration isotherms of GdMg clearly sh
formation plateaus. The corresponding formation enthalp
indicate a segregation of the elements. The formation ent
pies are in good agreement with values reported for exp
ments on thin films and bulk materials. From the onset of
transmisson in the isotherms we conclude that the forma
of gadolinium trihydride coincides with the transmission i
crease, and it is therefore the final process to occur du
optical switching.
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