APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 14 4 OCTOBER 1999

Contrast enhancement of rare-earth switchable mirrors
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In contrast to the binary switchable mirror filigH, , LaH, , REH, with RE:rare earthwhich have

a weak red transparency window in their metallic dihydride phase, rare-earth alloys containing
magnesium are remarkable for the large contrast between their metallic dihydride and transparent
trinydride phase. By means of structural, optical transmittance, and electrical resistivity
measurements on a series of YMg,H,, films we show that this is due to a disproportionation of

the alloy. While the yttrium dihydride phase is formed, Mg separates out, remaining in its metallic
state. Upon further loading, insulating Mgk$ formed together with cubic YH . In this way Mg

acts essentially as a microscopic optical shutter, enhancing the reflectivity of these switchable
mirrors in the metallic state and increasing the optical gap in the transparent statE99%
American Institute of Physic§S0003-695(99)04540-4

Recently Huibertset al! discovered that films of YH  fraction and optical transmission spectra. In both setups, we
and LaH exhibit dramatic reversible changes in their opticalalso measure the electrical resistivity during hydrogenation.
properties during hydrogenation. Far<0.2, a-YH, is a  Through these resistivity measurements we relate the optical
shiny metal. Foix~2, metallic 3-YH, forms with an elec- to the structural data. The maximum hydrogen gas pressure
trical resistivity significantly lower than that of pure Y, but used for hydrogenation is $®a. Although a whole series of
with a characteristic weak optical transmisgidfor red pho-  films of alloys Y1-yMg, with 0.1<y<0.9 has been pre-
tons (. w~1.8 eV). Upon increasing the hydrogen content topared, in this letter we focus ong¥MggsH, . In Fig. 1 we
x>2.4,y-YH, reaches the hcp phase, which exhibits a concompare the optical transmission spectra of@Mg, s film
tinuous metal-insulator transitimvith a pronounced optical with those of a pure Y film upon hydrogen loading. As hy-
transition. In the trihydride phase-YH;_ ;s is transparent drogen is continuously absorbéalt a hydrogen atmosphere
with a characteristic yellowish color due to the optical gap ofof 10° Pa at 293 K the time axis is qualitatively equivalent
2.8 eV [see Fig. 1@)]. It came somewhat as a surprise into the concentration axis=[H]/[Y,sMgosl. The optical
1997 when van der Sluis, Ouwerkerk, and Duine reportedransmission of ¥ Mg, sH, 5 exhibits the same characteris-
that Gd_yMgyH, alloys could be made colorless for  tic features as the corresponding YH spectra. In the
>0.4 over the whole visible part of the optical spectrim. hydrogen-rich region both YH 5 and Y, Mgy sH, 5 5 are
Moreover, the contrast between the transparent and the instransparent. However, there is also an important difference:
lating state is enhanced due to the absence of the transparhe dihydride YH phase has a weak optical transmission of
ency window, which is characteristic for the binary ¥H 19 in the red part of the spectrui ~1.8eV) while in
LaH,, or REH, in their metallic state. In this letter we show vy, Mg, sH, the dihydride transparency window is below the
that the remarkable optical properties of these Mg-containingransmission detection limif.e., <10™%). Furthermore, the
alloys can essentially be understood in terms of a compospptical gap of % sMggsH, s is significantly larger than that
tional disproportionation of the alloy during hydrogen ab-of YH,_ .
sorption. In other words, Mg acts mainly as a microscopic  The structural measurements on this¥g, 5 alloy film
optical “shutter.” As a model substance we consider heregre shown in Fig. 2. For the as-deposited sanipleve only
Y1—y|V|9g, because the physical properties of thin YH find (hho)-reflections corresponding to a cubic intermetallic
films*~>°~*have been investigated in much more detail than,.yMg phase with a lattice constarg,=0.3806 nm, in
those of GdH thin films. _ . agreement with the bulk Y—Mg phase diagrars no other

_ Polycrystalline ¥, _yMg, films of typically 400 nm  jntermetallic phase reflection peaks in fie-20 region from
thickness are coevaporated under ultrahigh vac@uiV) — 20° to 80° were found we conclude that the as-deposited film
conditions (10° mbar) on ALO; substrates, Y is evaporated consists of a preferentiallyl10-oriented, single-phase al-
with an e-gun and Mg with a Knudsen cell. To protect the|oy_ Upon loading the film in a $0Pa hydrogen pressure we
film against oxidation, a 15 nm thin protecting Pd cap layery;siinguish three stages. In stage A at low hydrogen concen-
is deposite_dn situ. Optical transmission measurements aréyation, the shift of the I§h0) reflection toward smaller
performed in a Bruker IFS 68/Spectrometer. Structural in- apgles(curve b indicates that the crystal lattice is expanded
formation is obtained from high angle x-ray scattering in coherently. With increasing hydrogen concentrationrves
©®-20 geometry. During measurements the samples arg_f the intensity of they-YMg-(hh0) peak decreases. Si-
slowly hydrogenated to allow continuous recording of dif- multaneously, the asymmetric broadening of thé/Mg
(110 reflection peak around 32° indicates the formation of
dElectronic mail: nagengas@nat.vu.nl pure Mdhcp a-Mg-(100) at 32.2¢% and possibly pure Y.
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FIG. 2. Detail of a representativia situ x-ray measurement on a 400-nm-
thick YqsMgqs film covered with a 15 nm Pd cap layer during hydrogen
loading at 16 Pa at room temperature. The intendigps] is continuously
recorded. The various lettets)—(i) specify the measurements at times in
increasing ordef(a) unloaded 0 min{b) 20 min, (c) 40 min, etc]. Three

stages A, B, and C of hydrogenation are distinguisimede the difference in
scalg.

Transmittancé

reflects a gradual expansion of the cubic ), structure.
By electrochemical H loading we have determined that in the
final state(curve ) the composition is ¥ sMgg sHo 5. Appar-
ently, cubic YH;_ 5 is formed, witha=0.525nm. The sur-
FIG. 1. Variation of the optical transmission as a function of time during prising result is that we do not find any evidence for the
hydrogen loading from the gas phase at room temperatardor a 300- f ti f theh NVH h hich is ob d
nm-thick Y film, covered with a 15 nm Pd cap layer hydrogenated 3pg0  'ofmation o 1exagonalyHs_ ; phase, which 1s observe
H,, and(b) for a 400-nm-thick ¥, :Mgq s film covered with a 15 nm Pd cap  IN bulk and YH, films. The volume expansion of 8% that we
layer, hydrogenated at 1@a. The optical spectra are continuously recordedfind in the cubic phase is somewhat less than the volume
at a rate of one spectrum per 40 s. For comparison the time axes are ”Oé‘nange involved in the transition from bulk fcc Ylib th
malized: timet=0 corresponds to an H concentration oft6,0.7 tox~2 0

for YH,, in YysMgosH, the concentration ix=1 att=0.4, x=2.5 att YHz_ 5 (6VIV=9.9%). Possibly, theubic YH;_ ; phase is

=0.7 and fort=0.9 isx=2.5. Note, that the small dihydride transmission also stabilized by internal stress.
window at a photon energies around 1.8 [@Mlicated by an arrow iia) is

( The phase disproportionation induced by the hydrogena-
not present for the alloy ifb)]. tion process is also reflected in the electrical resistipigs a

function of hydrogen loading. In Fig.(8 both p and its
Additionally, in curve f we observe new reflections at derivative(in arbitrary unit$ are shown. The increase jnat

~29.6° and~34.1° due to the formation of the cubic ¥H low hydrogen concentration is similar to thatanYH, (Ref.
phase. All this indicates that upon absorption of H in6) and is mainly caused by electron scattering from the ran-
v-YMg, YH, is formed and the host metal essentially dispro-domly distributed hydrogen atoms. In stage A, Y$farts to
portionates in YH and Mg clusters. This is consistent with form. In a pure rare-earttRE) film this leads to a decrease
the fact that the enthalpy of formation of YHAH, .,  of p. However iny-Y,Mg,sH, the formation of YH in-
=—110kJ/mol H}* is much more negative than that of duces a concomitant increase in the disorder of the host
MgH, (AH,_ z=—37.2kJ/mol H)!2 In stage B the inten- metal lattice which leads to a further overall increasg.itn

sity of the YH, reflection peak hardly changes. However, thestage B the formation of the insulating Mgldhase causes a
intensity of the Mgf100) reflection is reduced. Additional further increase in resistivity, while the change in the slope
X-ray measurements show that this is due to the formation off the resistivity at high H concentratidstage ¢ is caused

an orthorhombic primitive Mgkl structure®® So far ortho- by the formation of cubic YK 5. The final value for the
rhombic MgH, has only been reported for bulk sampfes resistivity is due to the thin Pd-cap layer, which shortcuts the
under high pressur@ GPa at room temperatyréhis is not  underlying Y; sMggsHy layer. The resistivity of uncapped

in contradiction with our observations as we estimate fronmy-YMg samples loadeth situ in the deposition system is of
the x-ray measurement that the hydrogenation process ithe order of ohm meter, in agreement with the fact that both
duces a stress of approximately 3.2 GPa. YH; and MgH, are insulators:**

Upon further increase of the hydrogen concentration  With the structural and electrical data presented above

(stage @, the shift of the diffraction peaks to smaller angleswe have the necessary ingredients to interpret the hydrogen
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0.8 and B the bulk modulus of the hydride. By using the ob-
'E 0.7 served lattice volume change of ¥Kl6V/V=—0.069) and
& 0.6 Mg (8V/V=0.076) andB,=81kJ/cni for YH, (Ref. 18
£ 05 I andBy=135.4 kJ/cm for Mg, we estimate that the actual for-
‘; 04k mation enthalpy equalssH;_, = —31kJ/molH for YH;_ 5
S oa3f and AH,_ ;=—42kJ/molH for MgH. Therefore in our
B ool stressed films Mgklwill form beforethe YH;.
'g o1k In conclusion, x-ray results and optical transmission and
T ol electrical resistivity data show that the absence of a, YH
T transmission windowphoton energy around 1.8 ¢\h Mg-
® 10" containing switchable mirrors can be understood in terms of
2 LF a two-step disproportionation of they¥Mgg 5 alloy during
8 107 hydrogen absorption. In the first step ¥4 formed, leaving
'E 10° : pure Mg clusters in the matrix. In the second step the con-
@ centration of YH increases gradually but the optical trans-
S ok ! mission remains low until the Mg clusters are transformed
~ ; | into highly transparent Mgid From there on the optical
10 b—— PR N S T properties of ¥ gMgg sHy are similar to those of YH. Thus
0 2000 4000 6000 8000 Mg acts as a kind of microscopic optical shutter. Remark-
time [s] ably, YH, remainscubic for all values up tax~3. The sup-

FIG. 3. (8 Time dependence of the electrical resistivity measured on alpreSSIOn of Fhe. FranSparenCy Wmdow of tBeYH, phase
400-nm-thick ¥, Mgys film during hydrogen loading at ¥®a at room ea(_js to a significant enhancement in contrest between the
temperature in the x-ray and optical setups. The small open squares repréptically opened and optically closed phase igsMgg sHy

sent the derivative of the resistivity. The various symbols label the resistiv(and other \{_yng alloys)_

ity measurements corresponding to the x-ray measurements in Fig. 2. Ver-

tical dotted lines separate the various stages A, B, and C in accordance with  The authors would like to thank N. Koeman for technical

Fig. 2. (b) Time dependence of the optical transmittance at photon energiegupport_ This work is part of the research program of the

of 1.8 eV (solid inverted trianglesand 2.5 eV(solid diamonds during S .
loading at 18 Pa at room temperature. For comparison, the transmittance 0§tIChtmg voor Fundamenteel Onderzoek der Matéfi@M)

the Y film [Fig. 1(a)] for photon energy of 1.8 eV is shown as a solid line. Which is supported financially by NWO and of the TMR

Note the dihydride window for the Y} which does not appeé#stage A in Research Network “Switchable Metal-hydride films.”
the YMg sample. The difference in the loading time is due to disproportion-
ation.
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