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Structural and optical properties of Mg,NiH, switchable mirrors upon hydrogen loading
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The structural, thermodynamic and optical properties ofNighin films covered with Pd are investigated
upon exposure to hydrogen. Similar to bulk, thin films of metallic,Migtake up 4 hydrogen per formula unit
and semiconducting transparent MiiH,_s is formed. The dielectric functio of Mg,Ni and fully loaded
Mg,NiH,_s is determined from reflection and transmission measurements using a Drude-Lorentz parametriza-
tion. Besides the two “normal” optical states of a switchable mirror—metallic reflecting and semiconducting
transparent—MgNiH, exhibit a third “black” state at intermediate hydrogen concentrations with low reflection
and essentially zero transmission. This state originates from a subtle interplay of the optical properties of the
constituent materials and a self-organized double layering of the film during loadind\iNig s preferentially
nucleates at the film/substrate interface and not—as intuitively expected—close to the catalytic Pd capping
layer. Using”eMgzNi and’é,\,m,ZNiH4 and this loading sequence, the optical response at all hydrogen concentrations
can be described quantitatively. The uncommon hydrogen loading sequence is confirmed by x-ray diffraction
and hydrogen profiling using the resonant nuclear reactitit°N, ay)*?C. Pressure-composition isotherms
suggest that the formation of MiH,_s at the film/substrate interface is mainly due to locally enhanced
kinetics.
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I. INTRODUCTION state, occurring at intermediate hydrogen concentrations is
characterized by a low reflectiofiR<0.25 over the entire
The discovery of the spectacular optical changes of ytvisible spectrum while transmission is essentially zero. The
trium and lanthanum thin films upon reversible hydrogenlow reflection and transmission imply a high absorption
absorption by Huibertet al.in 1996 also demonstrated that (=75%) of the incoming light. In a first report, Isidorssen
materials which are reduced to powder when hydrogenatedl. concluded from a simple Drude model that an unusually
in bulk form, remain structurally intact as a thin film. This large decrease of the free charge carrier density by a factor
offers the opportunity to investigate the intrinsic physical 25 takes place as hydrogen is incorpor&dthis idea was,
properties of these materials. Since 1996, it has been denrowever, in contradiction to the observed low resistivity of
onstrated that all rare earth metafsst generation switch- Mg,NiH, with x=<1. Furthermore, Hall-effect data by En-
able mirrorg and their alloys with Mg(second generatioh  acheet all° evidence that each added H-atom remowes
switch optically upon hydrogen absorption. Richardsbal.  electron from the conduction band as expected for anionic
found that MgNiH, and other Mg-TM-hydride$TM: tran-  hydrogen and the formation ¢NiH,]*~ complexes. A de-
sition metals Co, Fe, Mnalso change reversibly from a me- tailed analysis of the transport data within the framework of
tallic to a transparent state upon hydrogen absorptioind  an effective medium theoryBruggeman approximation
generation switchable mirrord* showed that the inclusions of the composite system have a
Bulk Mg;Ni absorbs hydrogen in solid solution up o  peculiar geometry, i.e., they are very flat oblafeshe
~0.3. Above x=0.3 a semiconducting complex hydride meaning of this result becomes clear in comparison with an
Mg,NiH, is formed with an optical band gap oE; advanced analysis of the optical and structural data. Lohstroh
~1.6 eV>® Mg,NiH 4 has a cubic structure which transforms et al. showed that a black state wilh<0.25 andT < 0.0001
to a low symmetry monoclinic phase &< 510 K. In both  (at visible light wavelengthcannot be realized by a homo-
structures, hydrogen is located in the vicinity to the Ni atomsgeneous MgNiH, layer of 200 nm thicknesS. They found
and the[NiH,]*~ complexes are essentially ionically bound that in thin films, the nucleation of the hydrogen-rich phase
to Mg?*. However, the exact position of the hydrogen atomsMg,NiH,_s starts preferentially in the vicinity to the film/
is still not resolved. From pressure-composition isotherms atsubstrate interface and not, as intuitively expected, close to
high temperatures the pressure of the phase transitiome catalytic Pd layer at the surface. Consequently, the ini-
Mg,NiH 3 to Mg,NiH, can be estimated to occur at 1 Pa attially homogeneous MgNiH, 5 layer splits spontaneously
room temperatur€RT).8 into a double layer system of M§iH, ;3 and MgNiH,_s as
In thin films, the metal-semiconductor transition is schematically indicated in Figs(d and Xb).
reversiblé® and can be used to switch optically between a The optical black state is connected to the state sketched
metallic reflecting and semiconducting transparent state. Ban Fig. 1(b): The mixture of metallic and dielectric particles
sides these two “normal” states of a switchable mirror, thin(Mg,NiH, 3 and MgNiH,_s, respectively exhibits a very
films of Mg,NiH, exhibit a third intriguing black stattThis  low reflection and an enhanced absorption while transmis-
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— _, Pd mental findings on the structure and hydrogen concentration

d : MgoNiHg 5 in Mg,NiH, films and the results are discussed with special

MaoNI M—y Mixed phase emphasis to intermediate hydrogen concentrations, i.e.,

SUbS"C’Te(é; - @ o indeshate where the films appear black. In Sec. IV the dielectric func-
Bel 7 o tions of_MgzNi, MgzNiHo_g, and MQNiH4_5 are derived_
MaoNiHy s BRE RieroiH from optical reflection and transmission data and the optical
MgzNint'-a E 9245 response at intermediate hydrogen concentrations is dis-
substrate . =P subshate cussed.

(©) ()
FIG. 1. Schematic picture of the hydrogenation sequence in [l EXPERIMENT

Mg,NiH, films covered with Pd. Upon exposure to hydrogen ini-
tially a homogeneous layer Miyi absorbs hydrogen in solid solu-

tion and MgNiH 3 is formed(a). Upon further hydrogen loading ing f i -
the nucleation of the hydrogen-rich phaseJMiH , starts in a thin netron cosputtering from a Mg and Ni source in a vacuum

layer of =30 nm thickness at the film/substrate interfabpand a ~ chamber(base pressure-10° Pg. The thickness of the
two-layer system is formed spontaneously. In the black state, thiflms is 30—300 nm and the substrates are kept at room tem-
mixed layer consists of approximately 20 vol % MiH,, and ~ Perature during deposition. A Pd capping layg+25 nm) is
80 vol % MgNiH,4_5 When the nucleating layer is fully loaded to addedin-situ for oxidation protection and to promote further
Mg,NiH,_s it subsequently grows in thicknegs) until the entire  hydrogen uptake in the subsequent experiments. For optical
film is loaded to semiconducting, transparent M ,_s (d). measurements and x-ray diffraction quartz glass, sapphire or
Cak, substrates are used whereas for electrolytical loading
sion is effectively suppressed by the remaining metallic layeglass substrates covered with a 180 nm [{ii@ium doped
close to the Pd surface which additionally provides the metin oxide) layer are used. The conductiggnd transparent
tallic conductivity of the film.(The photometric measure- ITO layer is necessary to ensure a homogeneous potential
ments are done through the transparent substrate in order &md hence a homogeneous H-uptake over the entire surface
minimize surface roughness effects and the influence of tharea during electrochemical loading. In each deposition run a
Pd layer hence the light impinges first at the nucleatingcarbon substrate is included for Rutherford backscattering
Mg,NiH,4_5 layer) When the nucleating layer is completely spectrometry(RBS). The composition—as checked with
loaded to MgNiH,_; it starts to grow[see Fig. {c)] untilthe =~ RBS—is homogeneous over the entire sample thickness and
entire film has switchegisee Fig. 1d)].*%*? Mg:Ni ratios were MgNi (y:1.7-2.6. The structural char-

In this paper we describe the structural, thermodynamicacterization is performed in a Bruker D8 Discover x-ray dif-
and optical properties during hydrogenation of MM@H,  fractometer(Cu-Ke, A=1.5418 A. For photometric spec-
switchable mirrors. From the photometric measurements otrometry in the visible and near infrared a Bruker IFS66
Mg,NiH, films the dielectric function is inferred for metallic Fourier transform spectrometer is used with an energy range
Mg,NiH, (x=0.3) and semiconducting M@jliH,_s. So far, of 0.72 eV-3.5eV (corresponding to wavelengths
only a few studies have been devoted to the optical propert722 nm-354 nm The spectrometer is equipped with a re-
ties of MgNi and semiconducting Md@NiH, (Refs. 3 and b  flection and transmission unit with near normal incidence of
mainly because the hydrides suffer from embrittlement wherhe incoming beam. In order to minimize the influence of the
in bulk form. Pd capping layer and surface roughness, the photometric

Besides the determination of the optical constants, speciaheasurements are done through the transparent substrate.
emphasis is given to the origin of the black state. X-rayGas loading experiments are doimesitu in both, the spec-
diffraction (XRD) and electrochemical loading experimentstrometer and the x-ray diffractometer at pressures up to
confirm nicely that it is connected with the onset of the two-10° Pa H,. The hydrogen uptake is monitored with a four-
phase regime MgNiHy3-Mg,NiH,_s close to the film/ point resistivity measurement in a Van der Pauw
substrate interface as previously deduced solely from opticalonfigurationt® Unloading of the films is done at 100 °C in
data. Hydrogen profiling with the resonant reactionair. Additional reflection and transmission measurements up
H(IN, ay)*?C corroborates the unusual hydrogen loadingto 6 eV were done in a Perkin Elmer Lambda 900 diffraction
sequence independently. We show that the optical responggating  spectrometer  with an energy  range
can be fully understood by using onr)ir,\,,gz,\”HO3 and 0.495 eV-6.19 eMA=2500—200 nmm For electrolytical
?MgZNiH4_5 and the layered structure of the film. We find thatloading a standard three electrode setup is used with a
the pressure-composition isotherms show a single reactiod9O/Hg reference electrode and a Pt counter electrode in
pressure for the N@\“HO.?:'MQZNiH4—§ phase transition and 1 M KOH eleCtrOlyte. During the |Oading, transmission and
we conclude that the substrate interface mainly affects théeflection are measured simultaneously at a fixed wavelength
kinetics of the phase transition. For hydrogen storage appli* =635 nm(1.95 eV).
cations the identification of the mechanism of the enhanced The >N method“ is used for depth profiling of hydrogen
kinetics is of special interest in order to improve the oftenin the sample, at the Tandem accelerator in Uppsala. The
sluggish kinetics of Mg-based storage materials. technique is based on tHel(**N, @y)'*C nuclear resonance

The paper is organized as follows: In Sec. Il the experi+eaction and provides the depth profile as well as the total
mental techniques are described. Sec. Il presents the expegimount of hydrogen. For the profiling, the sample is bom-

The samples are prepared by evaporation in a ultrahigh-
vacuum chambe¢base pressure-1078 Pg or by DC mag-
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FIG. 2. X-ray diffraction spectra of an as deposited sample esistivity [mecrm]

200 nm MgNi capped with 3 nm Pd. The Myii (003) and (006 FIG. 3. c-axis lattice paramete(®) and amplitudg(O) of the
reflections point to textured growth of the hexagonal lattice w_|th the(003) reflection during hydrogen loading. At low hydrogen concen-
¢ axis out of plane. The-axis lattice parametefc=13.23 A IS tration (i.e., at low resistivity a linear increase ot is observed.
close to the bulk valugcy,=13.20 A). The background intensity Eventually,c remains constant and the peak intensity starts to di-
originates form the glass substrate. minish aroungp=0.25 m) cm. The hydrogen concentratioupper
scalg is estimated from electrochemical loading experiments.
barded by**N ions with an energy equal or above the reso-

nance energy6.385 Me\j. Upon penetration, the ions lose '~ e i
: ftice in the direction of the layer normal, but crystallinity is
energy and, at the depth where the ions have reached ﬂba%or as the width of the rocking curve around %G93

resonance energy, the proba_lbilit_y for_the reaction is greaﬂ¥ef|ection is larger than 8°. The width of the reflection in the
enhanced. The depth resolution is typlcally 10 A close to thee_ 20 scan implies a coherence length in growth direction of
surface but deteriorates with increasing depth, due to ener 0 to 30 nm. The coherence length does not change with

straggling. The 4.43 MeV gamma rays are detected in @y thickness indicating that the thickness does not play a
BGO detector placed at a d!stance of 3cm frqm_the Samplﬁwajor role for the crystal quality.

at an gngle of 0 degrees with respect to the incident beam. The structural development during hydrogen uptake is
The diameter of the beam at the surface of the sample igonitored around the03)-Bragg reflection. Figure 3 shows
around 1 mm and the beam curréht™?) is typically in the  the lattice parameter and the peak intensity as the hydrogen
range 10—40 nA. The detection limit is of some atomic ppmpressure is increased stepwise up to X9%° Pa. The data
and the precision is determined by the counting statisticsare plotted as a function of resistivity which is a measure of
The accuracy is governed by the quality of the calibrationthe hydrogen concentration in the sample.

standard and the accuracy of the calculated stopping power. At low concentrations, i.e., in the solid solution regime
The values used are from Zieglerand the uncertainty is log p~x and a linear increase of theeaxis is observed until
typically a few percent. Bragg's ruiéis used for calculating @ lattice spacing of=13.41 A is reached at0.065 nf2cm.

the compound stopping cross section for the hydrogen conthe peak intensity and width remain constant during the ex-
taining samples. Tantalum hydri¢€aH, 47 is used as a cali- Pansion hence hydrogen dissolves in the host lattice without

bration sample for the absolute hydrogen concentratiofN@nging the crystal symmetry. A comparison with the bulk
determinatior%? yarog value for MgNiH, 3 (c=13.43 A and with the electro-

chemical loading experimentsee Sec. Il B confirms that
the solubility range 8=x=<0.3 is only marginally affected by
. STRUCTURE AND HYDROGEN CONCENTRATION the thin film geometry or the clamping to the substrate. Usu-
ally, the adhesion to the substrate strongly influences the hy-
drogen uptake in thin film and superlatticds?* In the case
X-ray diffraction in 6—26 geometry is used to investigate of Mg,NiH, (0<x=0.3) the expansion is mainly along tlee
the structure of metallic MgNi and MgNiH, at various hy-  axis which—in the textured films—can freely expand along
drogen concentrations. In bulk, Wi has a hexagonal sym- the layer normal.
metry witha=5.216 A andc=13.20 A and the lattice mainly ~ Abovex~ 0.3 deviations from the linear expansion of the
expands along the axis when hydrogen is dissolved in solid ¢ axis occur and the diminishing intensity of t@03) re-
solution(a=5.23 A andc=13.43 A.18 flection points to a decreasing MdiH 3 volume fraction as
Figure 2 shows the x-ray diffraction spectra of a 200 nmthe two phase region MdliHy, +Mg,NiH,_; is entered.
Mg,Ni film capped with 3 nm Pd after deposition. Two re- However, no new reflections appear in the XRD spectra and
flections belonging to hexagonal Wi are visible: (003)  hence the developing MYiH,_; phase exhibits no long-
and (006). The c-axis lattice parameter deduced from the range coherent order and is either nanocrystalline or amor-
peak positions 2(003 =20.13°, 2(006)=40.94° amounts to  phous.
c=13.23 A which corresponds within experimental errors to  In the following we discuss the relation between the struc-
the value observed in bulk. The absence of other reflectionsire of MgNiH, thin films and their optical properties, in

indicates textured growth with the axis of the hexagonal

A. X-ray diffraction
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x [HV[Mg,Ni] In our films, the crystal structure of semiconducting
01 2 3 4-5 13.7 Mg,NiH,_s could not be resolved. The XRD spectra of the
— b T fully loaded samples did not show any additional peaks and
L 136 presumably the developing hydrogen-rich phase has a very
. I poor crystallinity. Considering the fact that the piH 5 to
% L 135 Mg,NiH,_s phase transition involves a 32% volume expan-
& o sion and a thorough rearrangement of the atomic positions, it
® -13.4 3. is not surprising that the initially poor crystallinity further
— - - deteriorates. Similar results have been reported earlier, both
o -13.3 for the structure of MgNiH,_, thin films®>?? and for Mg-
i Ni-H thin films with higher Mg:Ni ratiogranging from 4.5:1
132 to 10:1).3 Probing the local environment of the Mg atoms by
o T T extended x-ray absorption fine structyeEeXAFS), Farangis

et al 23 found that Mg-Ni films(which were x-ray amorphous
after deposition exhibit order on a microscopic scale up to
FIG. 4. Comparison ot-axis expansior{®) with reflectionR  the second shell neighbors with reduced coordination num-
and transmissioff (at 1.25 eVf for a sample 200 nm Md\i capped ~ bers. The degree of local order decreases with increasing Ni
with 3 nm Pd. In solid solutiorix=<0.3), R shows metallic reflec- content. After hydrogenation, no EXAFS oscillations could
tivity. At the beginning of the two phase regime MjH,;  be detected suggesting weak scatterers with a low coordina-
-Mg,NiH,4_s the c-axis expansion exhibits a kink and simulta- tion humber located around Mg, and a further deterioration
neouslyR decreases dramatically. Transmission is only observed aof the crystalline order. Furthermore, the hydrogenation pro-
x=3.0. For reasons of clarity¥ is multiplied by a factor 5. The cesg(in a helium atmosphere with 4% hydrogewas incom-
hydrogen concentratioupper scalg is estimated from electro- plete in stoichiometric MgNi thin films, i.e., the signature of
chemical loading experiments. metallic MgNi was still present in the EXAFS spectfaln
particular the black state. An example of this optical phe_cprltrast, our films are at Iea}st Par“?‘"y crystalline after.dep.o-
sition even though the grain size is small. After loading in

nomenon is given in Fig. 4 where the reflecti@rand trans- 1.5% 10° Pa H, Mg,NiH,,_s exhibit a hydrogen deficiency of

mission T of a 200 nm thick MgNi sample capped with 10 _ . .
3 nm of Pd are plotted for one fixed enerpy=1.25 eV. At 9~ 0.05" EAXFS at the Ni absorption edge of these films

low resistivity (i.e., p<0.065 mfdcm, orx=<0.3) the film is  Suggests that H is situated in the vicinity to the I\!i atoms and
shiny metallic withR~=0.6. Above the solid solution limit [NiHs]*" clusters are forme# After unloading, the
small amounts of hydrogercorresponding to a small in- Mg;Ni-Bragg reflection is partially regained which is pre-
crease ofp) are sufficient forR to decrease dramatically sumably due to the heat treatment used in the unloading
whereasT remains negligiblgtoo small to be detected, i.e., procedure.

T<10%). At this stateR is smaller than 0.25 for all wave-

length in the visible spectrum and consequently the sample

appears black. Further hydrogen uptake yields to a partial ~ B. Hydrogen concentration and heat of formation

recovery ofR and eventually at= 3 the film becomes trans-
parent. The resistivity of the fully loaded semiconducting
state(p=6.5 m(lcm) is mainly limited by the Pd top layer
which shortcuts the MgNiH,_s film. Obviously, the rapid
decrease oR to black MgNiH, coincides with the onset of
the two-phase regime MbliHq >Mg,NiH,_s which is indi-
cated by the kink in the-axis expansion. However, the in- ’ ) 3 ‘ :
tensity of the(003) Mg,NiH, 5 reflection is yet almost un- Working electrodei.e., the MgNiH, film) is allowed to re-
changed(compare with Fig. 8 hence small amounts of Iax in an open circuit configuration to its equilibrium poten-
hydrogen above the solid solution limit are sufficient for thelidl UedX)) at the hydrogen concentration These steps are
pronounced changes in optical appearance. Apparently, tféPeated until the sample is fully loaded. Typical current
black state is connected with the coexistence of the twdulse times arer, =40 s with current densities of
phases MgNiH,; and MgNiH,_5; and is not an intrinsic ~0.05 mA/cnt and relaxation times; =180 s. In a proton
property of single phase MbiH, 5.° The (003) peak inten-  donating electrolyte the reaction at the working electrode is
sity reflects the volume fraction of the remaining MiH 5

solid solution phase. With increasing H content {{0©3)

peak intensity and thus the MNiH, 5 layer thickness de- H,O +e — Hgoq+ OH" (1)
creases at the expense of the newly formedNid ,_; layer.

Around p=1 mQcm (x=3) the MgNiH 5 reflection van-

ishes rapidly while on the other hand the transmission inhence for each transferred electron one H atom is produced
creases steadily. Eventually, when the film has become fulljhat is adsorbed on the Pd surface and subsequently diffuses
transparent, the MgiHy 3 (003 reflection cannot be de- into the film. FromUeq and the Nernst equatiaqmwith py, in
tected any longer and the entire film has switched. Pa,Ugq in volts)

Resistivity [mQcm]

Electrochemical loading is either done in galvanostatic
mode with a constant curreht—-50 wA or by means of the
galvanostatic intermittent titration techniqU@ITT). In the
GITT measurements the equilibrium potentid), is mea-
sured as a function of hydrogen concentration. A constant
current is applied during a timepi, and subsequently the
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FIG. 5. Pressure composition isotherms of a 200 nm thick F!C- 6. ReflectionR and transmissiol of 300 nm Mg eNi
Mg, Ni film covered with 13nm Pd at temperature§ covered with 24 nm Pd measuredsitu during galvanostatic load-

=20°C,30 °C,40 °C, and 50 °@etermined from elctrochemical ing. [H]/[M] denotes the number of hydrogen atoms per metal atom.
GITT measurements. With increasing temperature the equilibriun%rhe oscillating behavior of the reflection is due to interferences of
plateau for the MgNiH, 5-Mg,NiH,_; phase transition increases 1€ 9rowing MgNiH,_; layer thickness.

from 40 Pa to 460 Pa[H]/[M] denotes the number of hydrogen

atoms per number of metal atongblote that in contrast, the hydro- During electrochemical loading, reflection and transmis-
gen concentration in Mg,NiH, refers to the number of hydrogen sion exhibit the same features as in gasochromic loading, i.e.,
atoms per formula unit Mg\i.) a large decrease @ at low hydrogen concentrations fol-

lowed by an oscillating behavior and the subsequent onset of
oF transmissionR and T (at #w=1.95 eV} of a 300 nm thick
Inpy, = (‘ E_(Ue(ﬁ 0.926) +11.51 (2) Mg, gNi film covered with 24 nm Pd obtained from galvano-
static loading are shown in Fig. 6. Comparison of these data
with those shown in Fig. 4 allows to relate the hydrogen
the pressure-composition isotherms can be measufed. concentration, optical appearance, and resistivity values for
=96 485.3 C/mol an®R=8.315 J/mol K denote the Faraday characteristic points in the loading cycle. In the solid solu-
and molar gas constant, respectively. tion regimeR is high and the sample is metallic reflecting.
Figure 5 shows the pressure-composition isotherms of ahe rapid decrease & coincides with the beginning of the
190 nm Mg gNi sample covered with 13 nm Pd at tempera- two-phase regioicompare Fig. 5 The minimum ofR is
turesT between 20 °C and 50 °C. The plateau pressure Ojssociated with an average hydrogen concentration
the MgNiHq zMg;NiH,_; phase transition increases with [H]/[M]~0.27. At larger hydrogen contensrecovers and
increasing temperature fror¥40 Pa at 20 °C to 460 Pa at eyen shows a second oscillation which stems from interfer-
50 °C. From the plateau pressurgg the heat of formation ence of light that is reflected at the two interfaces of the

can be estimated using the van't Hoff equatfén, evolving transparent M#\iH,_, layer [compare Fig. ()].
This points to an ordered double layering with flat interfaces.
1 AH AS In the black state each additional H atom above the solid
> In pis = RT R +5.75, (3 solution limit is in fact located in @30 nm layer close to

the substrate interfacsee Sec. Il G If one considers this
double layering and recalculates the hydrogen content for the
nucleating layer, the concentration amounts [td]/[M]
~1.12. This implies that in the black state, the hydrogen
concentration close to the film/substrate interface amounts to
x=3.14 per formula unit MggNiH, pointing indeed to a

whereAH is the heat of formation angl;s is given in Pa. For
metal hydridesAS mainly stems from the entropy loss of
gaseous hydrogem\H is obtained from a plot of Ipys vs
1/T. AH amounts toAH=-31.7 kJ/molH which agrees

well with the value reported for hydrogen absorption in bU|kmixture of MgNiH 5 and MgNiH,_ (and presumably a

Mg,Ni (AH:_32:3 kJ/mol ",)'8’25 At low -concentra.uo-n,. small amount of amorphous Mg-Ni of unknown composi-
when hydrogen is soolved in solid solution, the limit iS yjon) with an approximate atomic ratio of 25:75. The average
[H]/[M]~0.16 at 20 °C. HergH]/[M] denotes the number |y concentration in the black state mainly depends on the
of hydrogen atoms referred to the total number of metal atzaio petween the thickness of the composite layer and the
oms(whereas the hydrogen concentratiogives the hydro-  etallic layer MgNiHq5 on top. Above[H]/[M]=1.0,
gen content per formula unit Mili). The observed solid Mg,NiH, becomes tranéparent.

solution limit is slightly higher than the value in bulk
[H]/[M]=0.1 (x=0.3 in MgNiHg 3. Above [H]/[M]=1.0

the isotherms increase considerably while single phase
Mg,NiH ,_s is further loaded with hydrogen. The plateau ob- For a direct confirmation of the layered structure of
served at 19Pa is an artifact of the measurement due toMg,NiH, +-Mg,NiH,_; upon hydrogen exposure, a hydrogen
hydrogen gas developing at atmospheric pressure. depth profile is measured at two stages of the loading pro-

C. Hydrogen depth profiling
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FIG. 8. Reflection(O) for a 250 nm thick Mg-NiH, sample
covered with 7 nm Pd at various stages of hydrogen load&d\s
deposited Mg-Ni, (b) black Mg, ;NiH - g (¢) Mgy NiH ., 5, and
(d) transparent Mg-NiH 4. The solid lines are calculations based
on a double layered composition of MdiHg 3 and MgNiH4_s.

FIG. 7. Hydrogen depth profiling of a 200 nm thick b film
capped with 5 nm Pd. The sample is first hydrogenated &Palto
generate the black statgircley and subsequently exposed to
10° Pa to measure the fully loaded sampsguares

cess, i.e., in the black state and in fully loaded,MiiH 4.
Prior to'>N measurements, the sample is loaded in a dedineous MgNiH, it is necessary to know the optical constants
cated H-reaction cell. The black state is obtained by exposingf Mg,Ni, Mg,NiH 3, and MgNiH,_s. Figure 8 shows typi-
the sample to 10Pa hydrogen pressure at room temperatureeal reflection spectra of the different optical states during H
for approximately 1 hour. The sample is then introduced inoading, for a sample MgNiH, capped with 7 nm Pd. Me-
the analysis chamber and cooled down to 77 K in order tdallic Mg, ;Ni has a reflectiorR ranging fromR=~=0.4-0.65
prevent hydrogen desorption before and during the measur@ the studied energy randgé-ig. 8a)]. After hydrogen is
ments. Figure 7 shows the results for a 200 nm thickNdg introduced, Mg -NiH, becomes black[Fig. 8b)] with
sample capped with 5 nm Pd. The hydrogen concentration iR<0.25 and essentially zero transmission over the entire
plotted as a function of the sample depth, i.e., 0 nm correvisible spectrum(1.58 eV<#w©0=<3.26 e\}. Further loading
sponds to the Pd surface. In the black state, the hydrogeyields to a recovery oR as transparent Mi\iH,_s grows in
concentration has a maximum around 180 nm, i.e., close tthickness and interference fringes appear in the spectrum that
the film/substrate interface while the rest of the sample onlshift to lower energies with increasing hydrogen concentra-
exhibits a very small H content. The hydrogen rich layertion [Fig. 8c)] until eventually the sample is fully loaded
extends approximately over 50 nm and the concentratiofiFig. 8d)] and transparent.
(per MgNi) is x=2.7 at its maximum. After this first®N Reflection and transmission spectra are used to determine
measurement, the sample is removed from the chamber anlde dielectric function of the single phase compositions
visually inspected. No change in the color of sample can b&1g,Ni, Mg,NiH, 3, and MgNiH,_s. The optical response at
detected when looking from the substrate side, indicatingntermediate hydrogen concentrations can then be calculated
that the black state remains after the measurement. A secoffior a two layer model.
measurement is taken after the sample is exposed®40 A Drude-Lorentz parametrization is used to describe the
of hydrogen in the H reaction cell during one week and thecomplex dielectric functiofe=¢; +ie,,
results are also plotted in Fig. (6quares The hydrogen N
concentration of the fully loaded sample is indeed homoge- ~ wﬁ f;
neous over the entire film thickness and closexte4. The €& il * = Wi - —iwB
expansion of the hydrogen profile to higher enerdies., = .
larger depth reflects the increasing layer thickneds ap-  The first term(Drude term with the plasma frequency,
proximately 15% during hydrogen uptake. and damping terni’=1/7, where 7 is the relaxation time,
describes the contribution from free electrons. The plasma
IV. OPTICAL CONSTANTS frequency is related to the free charge carrier dengjgyby
For a quantitative understanding of the hydrogen concenw,%:noptezleom, wheree and m are the electron charge and
tration dependence of the optical properties of inhomogemass, respectively. Experimentally, can be determined

(4)
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FIG. 9. ReflectionrR of a 100 nm thick MggNi film capped FIG. 10. Real¢;) and imaginarye,) part of the dielectric func-
with 5 nm Pd(O) measured through the substrate. The solid line istion obtained from fits to the measured reflection and transmission
a calculation using the parameters from Table I. data of metallic MgNi and Mg,NiHg 5 (y:1.8-2.2.

consider only the free electron term and one Lorentz oscilla-
from the energy where; crosses zero. The second term,. o N=1 in Eq.(4). The calculated result for the opti-
arises from bound electrons. The Lorentz oscillators are chagnizedz is shown in Fig. 9. For all the investigated samples
acterized with an oscillator strengtf), a resonance fre- (sputtered or evaporated with different thicknes&esf me-
quencywg; and a damping terns;. N gives the number of = tallic Mg,Ni obtained from such an analysis is quite similar
Lorentz oscillators, which varied betwedr 1 for metallic  although small differences are observed which most likely
Mg,Ni to N=3 for semiconducting MiNiH,_;. €.. takes all  stem from variations in composition. Especiatlyis smaller
excitations at higher energies into accotinis connected to  for samples with higher Mg conteiip to a Mg:Ni ratio of
the complex index of refraction=n+ik by 4:1). Such a behavior can be expected from a comparison

e =n2—IK2 (5) betweeney, and'ey; of the pure metals. Thevalence elec-
! ' trons of Mg make it a very good Drude metal whereas the
d-electrons in Ni give rise to interband transitions which
€= 2nk, (6)

screen the plasma energy. As a resylitrosses the zero level

wheren is the refractive index anél the extinction coeffi- at energies well below,=n,,e”/ e;m expected from the free
cient. R., and T of the entire layered stacksubstrate- charge carrier density,,. Experimentally this can be ob-
Mg,NiH,-PdH,) are calculated using a transfer matrix served in the gradually decreasiRgof pure Ni at energies
method that considers the Fresnel reflectance and transmfmaller than the plasma energy.

tance coefficients at each interface and the absorption in each For our analysis we concentrate on compositions close to
layer26 n andk of PdH, and the substrate, necessary for suchstoichiometric MgNi. In Fig. 10 € and e, for MgyNi

a calculation, are taken from Refs. 27 and 28, respectivelyly: 1.8—2.2 are plotted and the corresponding Drude-
and the thickness of the layers is determined from RBS med-orentz parameters are given in Table I.

surements. To extra@ the Drude-Lorentz parameters of the ~ From the plasma energiw,=8.14 eV and the damping
Mg,NiH, layer are optimized so as to minimize the differ- termI’ the optical charge carrier density, and the scatter-
ence between the calculated valiRg and T,y and the mea- ing time 7=1/T" can be inferred. They amount tg,=4.8
sured results. The used parametrization has the advantagel®®” cm® and 7=9.9x 107'®s, respectively. These values
that the fittede satisfies the Kramers-Kronig relations. The are in agreement with the values obtained from DC electrical
solution is thus intrinsically satisfying causal#®/Since the transport measuremetfs (ng;=8.7x 10?2 cm™ and =9
films expand upon hydrogenation the thickness of the loade& 107*° s) even though these values have been measured at
films is also taken as a fit parameter. The fits indicate typicaft@=0.

expansions between 10% and 20%. Similar values for the TABLE I. Drude-Lorentz parameters of the effective dielectric

increase in thickness have been found by means of Smaﬁ'mction[Eq.(4)] of Mg,Ni and MgNiHg ((y: 1.8-2.2. All pa-

angle x-ray reflectometry and hydrogen depth profiiege | ameters are in eV except, which is dimensionless.
Fig. 7). This expansion is less than expected from bulk

(32 vol %). In clamped thin films the exp.ansio'n can only beé parameter MgNi (y: 1.8-2.2 Mg,NiHo s (y: 1.8-2.2
along the layer normal and hence the film thickness should
increase by 32%. The discrepancy is most likely due to &- 2.08+0.51 2.72+2.99
disordered structure and a nonideal clamping of the fim. o, 8.14+0.48 7.03+1.34
1r 1.50+0.31 1.28+0.44
£, + +
A. Metallic Mg ,Ni vy 9.21+£0.20 10.16+1.77
. . g 2.13+0.16 2.56+0.40
Figure 9 shows an example for the reflection of \di B, 236+0.38 3.94+1.68

in the as-prepared state. For metallic Mgit is sufficient to
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FIG. 11. R (O) and T (OJ) for a 210 nm thick MgsNi film
capped with 6 nm of Pd after loading in%Pa H,. The solid lines
are theR;, and T for the fittede; and e, given in Fig. 12c). FIG. 12. Real part; (solid line) and imaginary part, (dashed

line) of the dielectric function fofa) Mg, ;Ni, (b) Mg4 gNi, and(c)

The second column in Table | gives the Drude-LorentzMg, sNi, after loading in 10 Pa H, at room temperature.
parameters of the metallic solid solution phase

(MgyNiH, o o) that are obtained from a similar analysis. The nanocrystalline or amorphous films=2 is used, as it has
probed energy range for these measurements is<0it2  been reported to give the best results for amorphous or nano-
<3.5 ande; and €, for MgyNiHg 3 (y: 1.8~2.2 shown in  crystalline material$2 Around the absorption edgg, andC
Fig. 10 are extrapolated to higher energies. The decreasinge approximately constant and a fit to E@) gives =
charge carrier density upon exposure to hydrogen is reflectegt 1.8 eV for Mg, sNiH,_s. This is in agreement with the
in the plasma energy which decreases frofiw, values reported earlier for MiH,_5 (y=2) with excess
=8.14 eV to 7.03 eVe is slightly less negative than in the Mg.% The fitted dielectric function reflects the semiconduct-
pure phase. ing behavior of MgNiH,_; [see Fig. 1&)]. At energies
above the band gag exhibits a maximum that describes the
B. Semiconducting MgNiH , onset of absorption. In Figs. (@-12c¢) ¢ and e of
Mg,NiH,_s are shown for three different Mg:Ni ratios. While
the basic shape of the dielectric function remains the same,
he absorption edge and henkg shifts to higher energies

The optical constants of semiconducting WgH,_s
(y: 1.7-2.55 are determined from samples loaded it P@
hydrogen at room temperature. For a good fit it is necessary., . )
to consider three Lorentz oscillators, i.d53 in Eq.(4), and ith increasing Mg content. From Eg7) Eq amounts ap-

o - oximately to 1.3 eV for Mg-NiH,_s and Mg gNiH,_s
for some samples it is even necessary to take an addition 4 - £
layer at the Pd-MgNi interface into account. This is not shown in Figs. 163 and 12b). Myerset al. calculated the

surprising since the formation of an interface alloy in Mg—PdS?}&Ctr'ﬁiﬁngr'%nqu_o_nl\}l Lmb?gfjtﬁl“ecgji;feefeﬂfﬂla;'ﬁ)nseaor
layer systems is well knowR and that layer combined with 92NNIF4 SNIF, yarog

o . configurations, i.e., a square planar, a distorted tetrahedron
sur;?gcsrgxuiiltlo:hgnvlvgshlt?hzr:g e;_th;aorh ygrogig lrjlﬁfdﬁl ck and a perfect tetrahedral arrangement around the Ni atdms.

. . : o For all structuregexcept for the square planar configuration
M iH,_s film covered with 6 nm Pd. The solid lines L . L
sh%\)\slsme ?eﬁsults of the fitting and the correspondéin@nd Wh'Ch is metallig they found the band gap to be |nd|rect,'and
e, are given in Fig. 1&). In the fully loaded state we ob- in dependence of the structure the optical gaps are in be-

serve=30% transparency. In the vicinity of the absorptiontwe.en 1.9 to 2.4 eV which |s_sl|ghtly h|gh_er than our ex-
edge(i.e., in the interference-free regipthe transmission perimental values. For all studied compositiossdoes not

27 vanish at energies belot, which is presumably caused by
follows: . : 9 .

incomplete loading or structural defects that generate impu-
(ho - Ep)” @) rity states in the band gap.

INT=InTy,—-C ,
0 fiw

whereE, is the band gagC is a constant, and, contains the C. Intermediate hydrogen concentrations
transmission of the substrate and the Pd cap layer. Depend- In Figs. 8a) and §d) R is plotted for the two limiting
ing on the type of transitions takes different values: for cases of single phas® Mg,Ni and (i) Mg,NiH,_53* The
direct, allowed forbidden transitions»=% (v=%) and for  solid lines giveRy, from the fitting procedure. In contrast
indirect allowed(forbidden transitionsy=2 (v=3). For our  Figs. 8b) and §c) depictR at intermediate hydrogen con-
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centrations. For MgNiH,_s with 0.3<x<4-4 we find that the metal toZiw=7.03 eV and correspondingly the optical
it is not possible to fit the optical data if one assumes aharge carrier density,, decreases as well. The transport
homogeneous hydrogen uptake in the Mglayer! It can  data show that the linear relation betwagpandx holds for
be shown that, assuming a homogeneous,Milg, layer the entire concentration rangesk<4 although a two-
(with the inclusions smaller than the wavelength of light component composite system MgHqsMgoNiH,_s5 is
there exists no paifn,k) that can reproduce simultaneously formed abovex=0.31° This is in agreement with the anionic
the measure® andT.! The optical response at intermediate hydrogen model where each hydrogen removes one electron
hydrogen concentration can, however, be fully understood ifrom the conduction band to form negatively charged
the double layer structure of the sample is taken into accounfNiH4]*~ complexes. However, abowe=0.3, the analogy
The spectra shown in Figs(l8 and &c) correspond to between DC-transport results and the optical measurements
states illustrated in Figs. (1) and Xc). In Fig. 1b) is less obvious due to the self-organized layering of the film
Mg,NiH,_s starts to nucleate in a thin layer close to thein the two phase regime. Reflection mainly probes the region
substrate. This thin layer consists of metallic MiHy, 3 and  close to the film/substrate interfagsince it is measured
semiconducting MgNiH ,_s. Its dielectric function(é) can be  through the substratevhile resistivity and Hall-effect data
described by an effective medium theory if the grain size ofare averages over the entire film thickness. In the black state,
the respective particles is smaller than the wavelength oR thus mainly reflects the two phase regime JMg
light. In a simple approach, we use Bruggeman'’s approxima=Mg,NiH,_; of the nucleating layer while the electrical trans-
tion for spherical particles although we have no detailedoort data are dominated by the remaining metallic layer close
knowledge of the microstructure in our film&) is implic-  to the surface. Consequently, Hall - effect and resistivity data
itly given by3° can be analyzed in an effective medium theory over the en-
tire two phase regime while this is not possible for the opti-
A G o (e _ 0 ® cal data. This analysis reveals that the inclusions have a very
Ent 20 B;B + 2(3) peculiar geometry, i.e., they are very flat oblates with an axis
_ . ) ratio between 10 and 20.The extreme limit of this geom-
fap ande, g are the volume fraction and the complex dielec-etry are flat sheets, in full agreement with the layered struc-
tric function of the metalli¢A, Mg,NiH, 5 and the semicon-  yre that was confirmedytH - depth profiling and the optical
ducting (B, Mg,NiH,-s) phase, respectively. In Fig(l® Eq.  and structural data presented above.
(8) is applied for a mixture 20 vol % MgNiH, ;—80 vol %
Mg,NiH,_s to obtain{e) of the 30 nm nucleation layer, and
subsequentlyR of the entire stack is calculatedolid lines. E. Comparison with MgRE (rare earth) thin films
The agreement between experiment and calculation confirms Thin films of Mg,Ni are not the only switchable mirrors

that the formation of a=30nm thin, mixed layer that exhibit a highly absorbing state. When loaded with hy-
MgZNiHO_B\—MgZNiH4_§ at the film/substrate interface can in- drogen, MgRHRE Y, La, Gc)2'36 thin films and M§7 show
deed explain the black state. The discrepancy between calCdimilar absorption levels. Upon the first exposure to hydro-
lation and measured data at higher energies is presumab@én, MgRE disproportionates into REldnd Mg. Both con-
due to the not |dea.”y flat interface between the two eVOIVingstituents take up hydrogen and both Change their Optica'
layers. In the optical calculation the interface roughness i%ppearancé?% After the initial disproportionation, the re-
not considered. As more hydrogen is introduced a uniformyersiple switching takes place between metallic Mg-REH
transparent layer of M@iH,_; is formed which subse- and transparent MgiHREH;_s. At intermediate hydrogen
quently grows in thickness. As a result, interference fringegoncentrations, MgREHexhibits ~80% absorption of the
appear in the spectra due to multiple reflection of light at thancoming light, similar to the values that have been obtained
interfaces of the transparent M¢iH,_; layer. This is dem-  jn Mg,NiH,. Despite these apparent similarities the mecha-
onstrated in Fig. &) where R, is obtained for a double nism for the black state in M#jliH, is distinctively different
layer 130 nm MgNiH 3 and 120 nm MegNiH,_5 covered  from that in MgREH switchable mirrors. In MgREHit is

with 7 nm of PdH. Further confirmation of the double layer girectly connected to the broadening of the surface plasmon
structure is obtained from reflection measurements with thgpectrum at the perco'ation thresho'd Of the meta'_insu'ator
light impinging first on the Pd top layét.In these measure- transition similar to the well-studied cluster systems
ments, which mainly probe the part of the sample close tag-glass3® Au-glasg® or Co-AlL,O,3 It has been showi

the surface, an® remains high up to large hydrogen con- that the key ingredient is the coexistence of Mg and MgH
centrations(x=3). nanograins that are homogeneously dispersed over the entire
film thickness and the photometric measurements are well
described using effective dielectric constants for a mixture of
Mg and MgH, small particles.

Temperature dependent DC resistivity and Hall-effect In contrast, the most important ingredient for the black
data by Enachet al1? showed that the charge carrier density state in MgNiH, thin films is the self - organized double
Ngc (Obtained form Hall-effect measurementiecreases lin- layer formation. The initial nucleation of MijliH,_s takes
early with increasing hydrogen concentratianin solid so-  place in a small layer close to the substrate. Essential for the
lution, i.e., forx=<0.3 the optical data reflect these results: high absorption in MgNiH, are thus the optical properties of
the plasma energy decreases linearly from=8.14 eV in  that mixed layer in the vicinity of the film-substrate inter-

D. Comparison with DC transport measurements
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face, the interference of light reflected at the two interfaceswo metallic state is fairly robust against small variations
of this weakly transparent layer which results in a broadin composition and the optical free charge density fits well
reflection minimum and the remaining metallic MdHo,3  with the value obtained from transport measurement. In con-
on top that suppresses any transmisgmmpare Fig. )].  trast, the optical properties of semiconducting M ;s
(y: 1.7-2.6 vary considerably with the Mg:Ni ratio. Using
V. CONCLUSIONS “Enmgynit, ; AN €vgynin,_,, the two layer model explains reflec-
The structural and optical properties of MgH, thin tion and transmission at all intermediate hydrogen concentra-

films covered with Pd are systematically studied upon hydrot/Ons- . .
gen loading in order to develop a quantitative understanding Although the nucleation of MiNiH,_; starts preferen-
of the intriguing black state and interference effects observefl2lly near the substrate there is no indication for an addi-
recently in this systertt2 Similar to bulk MgNiH,, the  tional plateau pressure at hydrogen concentrations close to
hydrogen solid solution limit isx=0.3. Further hydrogen the black state. We conclude that the substrate/film interface
loading yields to the formation of M#jliH,_s which is ac- thus mainly influences the kinetics of the hydrogen uptake.
companied by a structural phase transition and a large vol[ne robustness of the black state concerning composition,
ume increase. choice of substrate and loading conditigns., gas phase or
Analysis of the optical reflection and transmission data€lectrolytical loading and the fact that MgCoH, exhibits
shows that the high optical absorptidolack statg at rela- similar optical properties, suggest that it is an intrinsic prop-
tively low hydrogen concentratior§H]/[M]~0.27) is due €Y. of _thgse films. The_ m|croscqp|c_mechan|sm Ie.adllng to
to a mixture of MgNiH, 5 and MgNiH,_, particles in the the intriguing self—o_rgamzed layering is qlso (_)f special inter-
vicinity of the film/substrate interface while the material in est for the pataIyS|s of hydrogen sorption in the complex
the upper layer remains metallic MgiHo5 This unusual Metal hydrides storage materials such as ;Mg
loading sequence is confirmed BN hydrogen - depth pro- M92C0H,, and MgFeH,.
filing which shows that in the black state hydrogen is almost
exclusively located in the vicinity to the substrate interface.
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