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A multisite lattice gas approach is used to model pressure–optical-transmission isotherms �PTIs� recorded by
hydrogenography on MgyTi1−yHx sputtered thin films. The model reproduces the measured PTIs well and
allows us to determine the chemical short-range order parameter s. The s values are in good agreement with
those determined from extended x-ray absorption fine structure measurements. Additionally, the PTI multisite
modeling yields a parameter L that accounts for the local lattice deformations with respect to the average
MgyTi1−y lattice given by Vegard’s law. It is thus possible to extract two essential characteristics of a meta-
stable alloy from hydrogenographic data.
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I. INTRODUCTION

Mg and Ti are considered as immiscible, as their enthalpy
of mixing is positive ��Hmix�20 kJ /mol atom�.1 Alloying
of Mg and Ti does, however, take place in mechanically
alloyed bulk samples,2 in physical vapor deposition,3 e-beam
deposition,4,5 and sputtering of thin films.6–8 In general, un-
derstanding the degree of mixing achievable in immiscible
systems is of considerable scientific and technological
interest.9–12 In particular, the fact that reproducible and re-
versible switching from metal to hydride without noticeable
segregation of the metal constituents occurs in Mg-Ti thin
films8 makes it an even more fascinating model system to
study.

Continuous monitoring of the structure during H uptake
by x-ray diffraction �XRD� hints at a persistent coherent
structure during the whole �de�hydrogenation process. Addi-
tional electrical and spectrophotometric measurements sug-
gest that Mg-Ti films are structurally coherent at the XRD
scale but locally partially chemically segregated.8 It is thus
of interest to probe how much decomposition has occurred
and on what spatial scale.

Thanks to their peculiar structural properties, Mg-Ti-H
thin films are also of interest for application as optical swit-
chable devices, e.g., for solar collectors6,13 and fiber optic
hydrogen sensors.14 While metallic in the as-deposited state
�high optical reflectance and very low optical transmittance�,
the films become highly absorbing �low reflectance and
transmittance� upon hydrogen uptake. The high degree of
mixing between Mg and Ti in sputtered films is directly re-
sponsible, via a lowering of the plasma frequency,15 for an
unusual “black” optical state. The optical change in optical
transmission upon hydrogen absorption makes MgyTi1−yHx
thin films also ideally suited for hydrogenography, a high-
throughput combinatorial method for the search of new light-
weight hydrogen storage materials.16,17 This technique makes
it possible to measure pressure–optical transmission iso-
therms �PTIs� on hydrides with a metal-to-semiconductor
transition,16 as well as on hydrides that remain metallic upon
hydrogenation.17 From Lambert–Beer’s law, ln�T /TM�, the
logarithm of the optical transmission T in a film of initial

transmission TM, is expected to linearly vary with the hydro-
gen concentration.18 This is confirmed by joint electrochemi-
cal and optical measurements.8 The obtained PTIs are there-
fore fully analogous to pressure-concentration isotherms
�PCI� obtained with standard volumetric or gravimetric
methods.17

The formation enthalpy of bulk TiH2 ��H=
−130 kJ �mol H2�−1� is almost twice as negative as the one
of bulk MgH2 ��H=−76 kJ �mol H2�−1�.19 In a fully segre-
gated sample, one would therefore expect Ti to form a hy-
dride at lower pressures than Mg in the film, resulting in two
well-defined plateaus in the PTIs. However, both PTIs16 and
electrochemical isotherms4 of MgyTi1−y thin films present an
unusual shape that is not compatible with a sequential for-
mation of TiH2 and MgH2.

In this paper, we present a multisite lattice gas model for
optical isotherms and apply it on PTIs measured by hydro-
genography on MgyTi1−yHx sputtered thin films. The model
reproduces the measured PTIs well and allows us to derive
experimental values of the chemical short-range order pa-
rameter �CSRO� s which are in good agreement with the
local surrounding of Ti and s values determined by extended
x-ray absorption fine structure �EXAFS�.20 Furthermore, the
model gives information on the local lattice’s departures
from the average lattice given by Vegard’s law.

II. EXPERIMENT

A. Sample preparation

MgyTi1−y thin films with a compositional gradient are pre-
pared in a seven-gun ultrahigh-vacuum dc/rf magnetron
cosputtering system �base pressure of 10−7 Pa� at room tem-
perature on 70�5 mm2 quartz substrates. Mg and Ti are
facing each other in tilted off-axis sputtering guns. By ad-
justing the power applied to each gun, the desired composi-
tional region of the binary phase diagram is obtained. The
local composition of the gradient films is determined by Ru-
therford backscattering spectrometry on films grown in the
same deposition run on amorphous carbon substrates. The
Mg atomic fraction y along the length of the sample varies
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between 0.6 and 0.89. All the films with thickness of
30–100 nm are covered in situ with a 20 nm Pd cap layer to
promote H2 dissociation and to prevent oxidation of the un-
derlying film.

B. Data collection

After deposition, metallic films are transferred into an op-
tical cell to monitor their optical transmission during
hydrogenation.18 The whole cell is placed in an oven to con-
trol the temperature up to 300 °C. A 150 W diffuse white
light source illuminates the sample from the substrate side
and a three-channel �RGB� Sony XC-003 charged-coupled
device camera continuously monitors the transmitted light as
a function of hydrogen pressure. The three-channel transmis-
sion intensities are added, resulting in a 1.1–3.3 eV photon
energy bandwidth. More information about the PTI acquisi-
tion can be found in Ref. 16.

For the determination of optical absorption coefficients,
spectrophotometric reflection and transmission measure-
ments of Mg and Ti in the metallic and hydrogenated states
are performed in a Perkin Elmer Lambda 900 diffraction
grating spectrometer with an energy range from
0.495 to 6.19 eV �wavelength �=2500–200 nm�.

III. EXPERIMENTAL PRESSURE–OPTICAL-
TRANSMISSION ISOTHERMS

Figure 1 shows various PTIs of MgyTi1−y with 0.61�y
�0.85 at temperature T=363 K. The average coherent struc-
ture determined by XRD and plan view transmission electron
microscopy is hcp in the metallic state and fcc in the hy-
drided state.8 Compositions with y�0.85 are not considered
here because of the presence of rutile MgH2 that coexists
with the fcc structure. The dashed lines indicate the transmis-
sion in the metallic state TM for the various compositions.
For all compositions, the optical transmission T increases
with increasing hydrogen pressure. Starting from low pres-
sures, the transmission first increases gradually, and then a
sloping plateau develops at a higher pressure. The plateau
shifts toward higher pressures and widens with increasing
Mg atomic fraction y. Conversely, the gradual transmission
increase with pressure is the dominant feature in the iso-
therms for the Ti-richest compositions �0.61�y�0.7�. We
show in the following that this PTI shape evolution with Mg
fraction y is neither compatible with randomly distributed
Mg and Ti atoms nor with completely phase segregated Mg
and Ti �hydride� phases.

IV. PRESSURE–OPTICAL TRANSMISSION ISOTHERM
MODELING: LATTICE GAS MODEL FOR H IN A

MULTISITE SOLID WITH LONG-RANGE
H-H INTERACTION

In this section, we show that a multisite lattice gas
model21–23 with tetrahedral interstitial sites MgjTi4−j �0� j
�4� including chemical short-range order24,25 is suitable to
model the PTIs. The six essential ingredients of the multisite
lattice gas model are the following:

�1� types and fractions of the various interstitial sites,

�2� local lattice deformation of the host lattice due to al-
loying of Mg and Ti,

�3� enthalpy of hydrogen solution for each site type,
�4� degree of occupation of interstitial sites at thermody-

namic equilibrium with the surrounding H2 gas,
�5� long-range H-H interaction in the lattice gas, and the
�6� relation between the total hydrogen concentration and

the optical transmission.

A. Mg-Ti interstitial sites: Types and fractions

The as-deposited MgyTi1−y films are neither perfectly ran-
dom nor fully segregated.20 To characterize their overall de-
gree of chemical segregation as a function of composition y,
we use the CSRO parameter defined as26

s = 1 −
NBA

Ny
, �1�

for a AyB1−y system, where NBA is the nearest neighbor co-
ordination number of A atoms around a B atom �here, A
=Mg and B=Ti�, N is the total coordination number in the
nearest neighbor shell, and y is the atomic fraction of A.
Positive, zero, and negative CSRO parameters indicate clus-
tered, random, and ordered spatial distributions of atoms,
respectively.

We assume that H in a MgyTi1−y alloy can occupy tetra-
hedral interstitial sites MgjTi4−j with 0� j�4. There are Nj

FIG. 1. �Color online� Pressure–optical-transmission isotherms
at T=363 K of a thin MgyTi1−y film with a continuous gradient in
alloy composition. Dashed lines indicate the transmission in the
metallic state TM.
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sites of type j and the total number of sites is N=� jNj. By
using a chain model24 to calculate the fraction gj =Nj /N of
each hydrogen site type, we obtain the following relations:

g0 = �1 − y��1 − y + ys�3, �2�

g1 = 2�1 − y��1 − y + ys�2y�1 − s�

+ 2�1 − y�2�1 − y + ys�y�1 − s�2, �3�

g2 = 2�1 − y��1 − y + ys�y�1 − s��y + �1 − y�s�

+ 2�1 − y�2y2�1 − s�3 + �1 − y�2y�1 − s�2�y + �1 − y�s�

+ y2�1 − y + ys��1 − s�2�1 − y� , �4�

g3 = 2�1 − y�y�1 − s��y + �1 − y�s�2

+ 2y2�1 − s�2�1 − y��y + �1 − y�s� , �5�

g4 = y�y + �1 − y�s�3, �6�

for Ti4, MgTi3, Mg2Ti2, Mg3Ti, and Mg4 sites, respectively,
with, of course, � jgj =1.

B. Local lattice deformations due to alloying

Magnesium has a larger molar volume than Ti �VMg
=13.97 cm3 /mol, VTi=10.64 cm3 /mol�. This implies that a
titanium inclusion in a Mg matrix is somewhat expanded
while the Mg matrix is compressed compared to their pure
metal volumes.27 The same applies to clusters of type j. The
volume Vj

e of a cluster embedded in the alloy matrix is re-
lated to the volume Vj

f of a free cluster as24

Vj
e�y� = �1 − L�Vmetal�y� + LVj

f , �7�

where

Vj
f =

jVMg + �4 − j�VTi

4
, �8�

Vmetal�y� = yVMg + �1 − y�VTi, �9�

and VMg,Ti are the molar volumes of the elements. The pa-
rameter L accounts for the degree of local deformation of a
cluster embedded in an alloy. The meaning of the parameter
L is best explained by taking the perfect average crystal with
a molar volume Vmetal�y� given by Vegard’s law �see Eq. �9��.
In this hypothetical perfect lattice, all clusters have the same
volume. This corresponds to L=0. A positive value for L
implies that a Mg-rich cluster is slightly compressed, while a
Ti-rich cluster is slightly expanded with respect to the L=0
case in an alloy with a coherent lattice but locally modulated
lattice spacings. To illustrate the effect of extreme L values,
we consider the case of a Mg4 cluster: in the rigid limit, L
=1, a Mg4 cluster keeps the same volume as in pure Mg,
while for L=0, it is compressed according to the overall
composition of the MgyTi1−y metal alloy. Note that Vegard’s
law still applies to the long-range average lattice for all L
values.

C. Site dependent enthalpies of hydrogen solution

In the simplest approximation, the enthalpies of hydrogen
solution �i.e. for hydrogen concentrations c→0�, �Hj

0,f

for isolated free MgjTi4−j clusters are taken as the weighted
averages of the hydrogen solution enthalpies �HMg

0 and �HTi
0

in pure Mg and Ti,22,28

�Hj
0,f =

j�HMg
0 + �4 − j��HTi

0

4
. �10�

For a MgjTi4−j cluster embedded in a MgyTi1−y matrix,
�Hj

0,f needs to be corrected for local deformations due to
alloying.

Thermodynamically, the volume dependence of the en-
thalpy of hydride formation is given by29

d�H

d ln V
= − B�y�VH�y� , �11�

where B�y� is the bulk modulus of the alloy,

VH�y� =
Vdihydride�y� − Vmetal�y�

2
�12�

is the partial molar volume of H in the alloy,

Vdihydride�y� = yVMgH2
+ �1 − y�VTiH2

, �13�

and VMgH2
and VTiH2

are the molar volumes of the dihydrides.
By using Eq. �11�, the enthalpy of hydrogen solution for

embedded clusters becomes

�Hj
0,e � �Hj

0,f +
d�H0

d ln V

�Vj
e − Vj

f�
Vj

f = �Hj
0,f

− B�y�VH�y�
Vj

e�y� − Vj
f

Vj
f . �14�

The bulk modulus B�y� is taken as the weighted average of
the bulk moduli of the metal constituents,

B�y� = yBMg + �1 − y�BTi. �15�

D. Occupation of the interstitial sites

With increasing hydrogen pressure, hydrogen gradually
fills interstitial sites in the MgyTi1−y alloy, starting with sites
with the lowest enthalpy, in our case Ti4 sites. The total
number of hydrogen atoms absorbed at a certain hydrogen
gas pressure p and temperature T is denoted by NH, and the
number of hydrogen atoms occupying a given site type by
Nj

H. Consequently, the fraction xj of interstitial site j occu-
pied by hydrogen atoms is

xj =
Nj

H

Nj
, �16�

and the normalized total hydrogen concentration c �0�c
�1� is

c =
NH

N
= �

j=0

4
Nj

N

Nj
H

Nj
= �

j=0

4

gjxj �17�
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Thermodynamic equilibrium between hydrogen gas and
hydrogen at each interstitial site requires that

1

2
�H2

�p,T � = �H
j �p,T,xj,c�, j = 0, . . . ,4, �18�

where the chemical potential of H2 gas is30

�H2
= RT�ln� p

p0
	 −

SH2

0

R

 + EH2

, �19�

where S0=130.68 J K−1 �mol H2�−1 is the entropy of H2 gas
at standard pressure p0=1.013�105 Pa, EH2

is the binding
energy of the H2 molecule, and R is the gas constant.

The chemical potential of H at each interstitial site type
can be written as

�H
j = RT ln� xj

1 − xj
	 + Ej�c�, j = 0, . . . ,4, �20�

where the energy Ej�c� of H at the interstitial site MgjTi4−j
depends, in general, on the total hydrogen concentration c.
This is a direct consequence of the infinite range of the elas-
tic H-H interaction in metal hydrides.31

By solving Eq. �18� for xj, one obtains, together with Eq.
�17�,

c =
NH

N
= �

j=0

4

gjxj

= �
j=0

4
gj

exp��Hj�c�
RT

−
1

2
�ln� p

p0
	 −

SH2

0

R

� + 1

, �21�

with

�Hj�c� = Ej�c� −
1

2
EH2

, �22�

which is the concentration dependent enthalpy for H absorp-
tion in site j. Equation �21� is a self-consistent equation for
p= p�c� that is numerically solved to determine the PCI at
temperature T.

E. H-H interaction

In order to calculate �Hj�c�, the H-induced lattice expan-
sion has to be taken into account. Increasing the H concen-
tration makes all interstitial sites more favorable for
hydrogen32 and results in an infinite range attractive H-H
interaction.33,34 The contribution of this H-H interaction to
the enthalpy of formation is to lowest order given by �see Eq.
�11��25

�Hj�c� � �Hj
0,e +

d�H

d ln V

d ln V

dc
c

= �Hj
0,e − B�y,c�VH�y�

Vdihydride − Vmetal

2Vmetal
c , �23�

with

B�y,c� = y�cBMgH2
+ �1 − c�BMg�

+ �1 − y��cBTiH2
+ �1 − c�BTi� . �24�

Together with Eq. �14�, the enthalpy of hydride formation at
a site j becomes

�Hj�c� � �Hj
0,f − B�y,0�VH�y�

Vj
e�y� − Vj

f

Vj
f − B�y,c�

VH�y�2

Vmetal
c .

�25�

The second and third terms in Eq. �25� describe the influence
on the enthalpy of formation of local lattice deformations at
zero hydrogen concentration and of the filling of sites with
hydrogen, respectively.

F. Optical transmission

Lambert–Beer’s law is used to calculate the optical trans-
mission T,

T = T0

j=0

4

exp��− 	 j
M�1 − xj� − 	 j

MHxj�gj� , �26�

where T0 is the light intensity in the absence of the sample
and 	 j

M�H� are the optical absorption coefficients of the me-
tallic and hydrided MgjTi1−j clusters averaged over the mea-
sured photon-energy 
� bandwidth, respectively. According
to Eq. �26�, the transmission in the metallic state TM is

TM = T0

j=0

4

exp�− 	 j
Mgj� . �27�

By combining Eqs. �26� and �27�, the logarithm of the opti-
cal transmission normalized by the transmission in the me-
tallic state is

ln� T

TM
	 = − �

j=0

4

�	 j
MH − 	 j

M�xjgj . �28�

If the optical change 	 j
MH−	 j

M was independent of j, i.e., of
the cluster composition, then

ln� T

TM
	 � c . �29�

This is, however, certainly not the case, as MgH2 is a trans-
parent insulator and TiH2 is a metal. The simplest approxi-
mation would be to neglect the optical change of the metal
and take

	 j
MH − 	 j

M � j�	MgH2
− 	Mg� , �30�

then

ln� T

TM
	 � − �	MgH2

− 	Mg��
j=0

4

jxjgj . �31�

This shows that Mg-rich clusters have a predominant contri-
bution to the optical transmission.

The last step is to combine Eqs. �21� and �28� to obtain
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ln� T

TM
	 = �

j=0

4
�	 j

M − 	 j
MH�gj

exp��Hj�c�
RT

−
1

2
�ln� p

p0
	 −

SH2

0

R

� + 1

.

�32�

This is the central result of our model used to calculate the
PTIs.

V. COMPARISON TO EXPERIMENTAL
PRESSURE–OPTICAL-TRANSMISSION ISOTHERMS

The present model is applied to pressure–optical-
transmission isotherms measured on MgyTi1−yHx gradient
thin films. This ensures a reliable comparison of the iso-
therms, as all compositions y are simultaneously measured
under exactly the same pressure and temperature conditions.

The determination of the optical absorption coefficients of
the pure Mg and Ti metals is done on separately deposited Pd
capped Mg and Ti thin films.35 The consistency of the results
is checked with the data from Palik.36 The absorption coef-
ficients of the hydrides MgH2 and TiH2 are then determined
on the same films exposed to 105 Pa H2 pressure. The ab-
sorption coefficients of the intermediate MgjTi4−j clusters
�j=1,2 ,3� are to first order the weighted average of values
for pure metals �hydrides�.37 We make use of ab initio cal-
culations of the optical properties of Mg-Ti supercells15 to
interpolate more precisely the absorption coefficients �see
Fig. 2�.

We use the standard molar volumes VMg
=13.97 cm3 �mol�−1 and VTi=10.64 cm3 �mol�−1 for the met-
als. For the hydrides, 32% and 25% volume expansions are
assumed for MgH2 and TiH2, respectively.19 Bulk moduli
values for the metals are taken as BMg=35.4 GPa, BTi
=105.1 GPa,38 BMgH2

=50 GPa,39 and BTiH2
=161 GPa for the

hydrides.40

Figure 3�a� displays a calculated PCI and its correspond-
ing PTI obtained with the multisite lattice gas model with a

realistic set of parameters for a wide range of pressure. In the
PCI, the wide distribution of site energies and site fractions
results in a gradual increase of the hydrogen concentration
with pressure. In comparison, most of the optical-
transmission change occurs in a narrower pressure range in
the PTI than in the PCI. The high optical absorption coeffi-
cient difference of Mg-rich clusters is responsible for this
behavior, giving extra weight in transmission to the filling of
Mg4 and Mg3Ti sites. Similarly, the filling of Ti4 sites results
in an initial decrease of the optical transmission as a conse-
quence of the negative absorption coefficient difference for
these sites �see Fig. 2�. To put in evidence the contribution of
the different sites to the isotherms, the derivative of the con-
centration and of the optical transmission with respect to the
logarithm of the pressure are calculated and plotted in Fig.
3�b�. Five peaks corresponding to the five interstitial sites are
clearly seen in the derivatives. Due to the predominant Mg
fraction �y=0.61� and the positive CSRO parameter �s
=0.4� chosen for this example, Mg-rich sites are contributing
most. This effect is even more pronounced in the ln�T� de-
rivative because of the high transparency of MgH2 �see Sec.
IV F�.

The comparison between modeled and experimental PTIs
for five different compositions and three different tempera-
tures is shown in Fig. 4. The solution enthalpies for free Mg4
�Ti4� clusters are kept constant for all compositions and
temperatures at �HMg

0 =−36.6 kJ �mol H2�−1 and �HTi
0

=−85.6 kJ �mol H2�−1 �see Table I�. From XRD measure-
ments, the average MgyTi1−yHx lattice is coherent with no
evidence for large-scale phase segregation.8 Furthermore,
since the molar volumes of Mg and TiH2 are similar, the
hydrogenation of Ti-rich sites reduces the differences in vol-
ume between clusters and even increases the structural co-
herence at intermediate hydrogenation stages. The L param-
eter, which characterizes the local rigidity of embedded
clusters with respect to the average lattice, is therefore ex-

FIG. 2. Squares, normalized absorption coefficient differences
of the MgjTi4−j clusters obtained by density functional theory �Ref.
15� used in the PTI simulations. Dashed line, linear interpolation
between the Mg and Ti values. The black line is a guide to the eyes. FIG. 3. �Color online� �a� Comparison between PCI �dashed

line� and PTI �full line� of Mg0.61Ti0.39Hx at T=333 K as calculated
with the multisite lattice gas model with s=0.4 and L=0.2 �model
described in Sec. IV�. �b� Derivatives of the H concentration c
�dashed line� and of ln�T� �full line� with respect to ln�p�.
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pected to take a small value: a constant value of L=0.2 gives
satisfactory results for all isotherms. The only free parameter
for each composition is then the CSRO parameter s.

For every composition y�0.85, there is a well-defined
positive short-range order parameter value that reproduces
the experimental data well for the three temperatures consid-
ered. The observed plateau corresponds to the hydrogenation
of Mg4 sites, while the gradual increase of transmission at
lower pressure is due to the gradual filling of Ti-containing
sites. For high Mg fractions �y
0.75�, the PTIs are repro-
duced best if assuming a plateau starting near the spinodal
concentration, i.e., near the local maximum in the simulated
isotherm �see the arrows in Fig. 4�e��. A plateau pressure
higher than the one derived by using the Maxwell construc-
tion is expected in solid-gas systems where the metal-to-
hydride transformation generates coherency strain and there-
fore adds an additional energy barrier for the phase
transformation to proceed.41,42 The fractions of interstitial
sites gj and the embedded site energies �Hj

0,e obtained by

modeling as a function of compositions are plotted in Fig. 5.
The fraction g4 of Mg4 interstitial sites is the largest at all
concentrations considered, but for Ti-rich compositions, a
significant fraction of all other sites is also present.

It is counterintuitive that for a given temperature, the
modeled and experimental plateau pressures increase with
the Mg fraction y. Indeed, as seen in Fig. 6, the enthalpy of
Mg4 sites decreases with increasing Mg fraction for any
fixed H concentration in the hydride, and the plateau pres-
sure should decrease accordingly. However, due to the
changing amount of Ti, the minimum concentration cmin=1
−g4�y� at which the Mg4 site occupation starts is not con-
stant. The Mg4 plateau pressure is thus essentially deter-
mined by the enthalpy of Mg4 sites �H4�cmin� �stars in Fig.
6� and slightly increases with increasing Mg fraction. This
weak dependence of the Mg4 site enthalpy on Mg fraction
originates from the counteracting effect of the second and
third terms in Eq. �25�: due to the small size of the Ti atom
relative to Mg, alloying makes the second term positive and

FIG. 4. �Color online� Sym-
bols, ��a�–�e�� experimental
pressure–optical-transmission iso-
therms of MgyTi1−yHx at tempera-
tures T=313, 333, and 363 K and
various Mg fractions y. Lines,
multisite lattice gas PTI simula-
tions for fixed L=0.2. The chemi-
cal short-range order parameter s
used for each alloy composition is
indicated in the figure. Note that s
is independent of temperature.
The arrows indicate �a� the trans-
mission at which half of the
Mg3Ti and Mg4 sites are filled �e�
the transmission at the first spin-
odal concentration �see text�.

TABLE I. Input parameters of the multisite model valid for all compositions y of MgyTi1−y and temperatures. The molar volume V in cm3

�cm�−1. The bulk modulus is in GPa. The enthalpy is in kJ �mol H2�−1.

VMg VTi VMgH2
VTiH2

BMg BTi BMgH2
BTiH2

�HMg
0 �HTi

0 L

13.97 10.64 18.44a 13.30a 35.4b 105.1b 50c 162.0d −36.6 −86.6 0.2

aReference 19.
bReference 38.
cReference 39.
dReference 40.
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reduces the stability of Mg4 sites toward hydrogen. However,
adding Ti also increases cmin and, therefore, destabilizes the
hydrogenation of Mg4 sites via a strengthening of the H-H
interaction �third term�. These theoretical considerations are
consistent with our previous experimental work,16 where we
concluded from the temperature dependence of the Mg4 site
plateau pressure that the Mg4 enthalpy does not significantly
depend on MgyTi1−y composition.

VI. DISCUSSION

The input energies used in the modeling ��HMg
0

=−36.6 kJ �mol H2�−1, �HTi
0 =−85.6 kJ �mol H2�−1� are H

solution enthalpies and seem at first sight not negative
enough. To directly compare the energies used in the model-
ing with measured hydride �MgH2 and TiH2� enthalpies from
literature, we need to calculate the enthalpy of a hypothetical
material containing only Mg4 �or Ti4� sites at half the
hydrogen filling �c=0.5�. For this, we use equation Eq. �25�
with y=1, j=4 �Mg4 sites� and y=0, j=0 �Ti4 sites�. The
obtained enthalpies are �H4�0.5�=−52.2 kJ �mol H2�−1 and
�H0�0.5�=−108.6 kJ �mol H2�−1 for Mg4 and Ti4 sites,
respectively. These values are �20 kJ �mol H2�−1 less nega-
tive than those determined on bulk MgH2 ��H=
−76 kJ �mol H2�−1� and TiH2 ��H=−130 kJ �mol H2�−1�.19

Such a discrepancy is not unusual for thin hydride films: due
to the hydrogen-induced lattice expansion, films that are

clamped to the substrate get strained. Although at high H
concentrations dislocations and a complex rearrangement of
nanograins reduce clamping effects,43 the remaining com-
pressive strain reduces the hydride stability in a similar way
as alloying does in Eq. �14�. For example, experiments on
pure Mg thin films report an enthalpy for hydrogen absorp-
tion of �H=−60.7 kJ �mol H2�−1.44 Additionally to the
clamping to the substrate, the nanostructure of the films can
also influence the enthalpy.45

To show the sensitivity of the model to the L and s pa-
rameters, the isotherms of Mg0.61Ti0.39 and Mg0.75Ti0.25 at
temperature T=333 K are compared to simulations in Fig. 7
with the optimal s parameter and varying L values from com-
pletely “soft” �L=0� to completely “rigid” clusters �L=1�
�Figs. 7�a� and 7�c�� and with L=0.2, for varying s param-
eters, from random �s=0� to completely segregated Mg4Hx
and Ti4Hx sites �s=1� �Figs. 7�b� and 7�d��.

For constant s and low L values �L�0.4�, the multisite
modeling reproduces the PTIs’ shape reasonably well.

For constant s and high L values, the cluster volume goes
toward that of free clusters �see Eq. �7��, and the second
alloying term in Eq. �25�, which effectively separates the site
enthalpies �Hj

0,e from each other, goes to zero. Conse-
quently, the �Hj

0,e values are too close from each other to be
discriminated in the isotherms, which therefore exhibit only
one large plateau. The gradual increase of pressure with op-
tical transmission experimentally observed is therefore also
not reproduced.

FIG. 5. �Color online� Symbols �a� fractions gj of MgjTi4−j sites
and �b� enthalpies of solution per site �Hj

0,e derived from the ex-
perimental PTIs by using the multisite model described in Sec. IV.

FIG. 6. �Color online� Open symbols, enthalpy of the Mg4 sites
�H4�c� as a function of H concentration c for various Mg fractions
y. Filled stars, enthalpy �H4�cmin� of the Mg4 sites at the minimum
concentration for Mg4 site occupation cmin as a function of Mg
fraction.
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For constant L and a fully random alloy �s=0�, the Mg3Ti
fraction becomes preponderant and, besides the Mg4 plateau,
a second plateau at lower pressures should be seen in the
isotherms. This is not the case in the Mg0.75Ti0.25 isotherm
and indicates that some local chemical separation occurs in
Mg-Ti.

For constant L and fully segregated phases �s=1�, in
this case, only two types of sites exist: Mg4 and Ti4. The
calculated Mg4 plateau is the only one in the vicinity of
the experimental isotherm and cannot reproduce its sloping
behavior.

These examples show that modeling PTIs with a simple
multisite lattice gas model is powerful enough to determine s
and L parameters and, therefore, discriminate between differ-
ent possible microstructures in Mg-Ti-H. A certain degree of
chemical segregation �s�0� must be introduced in the simu-
lated isotherms to properly reproduce the experimental data.
Moreover, while the material remains x-ray coherent, the
nonzero L parameter shows that the volume of interstitial
sites still depends on the local chemical composition and,
therefore, indicates the presence of local lattice size modula-
tions. This is consistent with Michaelsen,46 who showed that
coherent inhomogeneities must be larger than several na-
nometers before they can be detected by conventional XRD.

According to the model, the successive filling of sites
with increasing pressure should result in a modulated iso-
therm slope �see Fig. 3�b�� and not in a gradual decrease of
the isotherm slope, as observed in the experiments �see all
panels of Fig. 4�. Within the measured pressure range, two
interstitial sites, Mg3Ti and Mg4, contribute to the isotherms
�see arrows in Fig. 4�a��. Due to stress and/or microstructural
defects, these two interstitial sites most probably have a cer-
tain energy distribution for H occupation. This leads to a
smearing of the isotherms and, consequently, to a monoto-
nously decreasing isotherm slope.

The values of the CSRO parameter s as a function of
composition are summarized in Fig. 8, together with s values
obtained from Ti K edge EXAFS measurements.20 It is re-
markable that the values derived from PTI modeling are in
such good agreement with those calculated from the first
coordination number around Ti atoms determined by
EXAFS. In both cases, s is around 0.2–0.4 for Mg fraction
0.6�y�0.8, with little variation upon composition. This
confirms that a certain degree of chemical segregation does
occur in systems with a positive enthalpy of mixing, even if
a rapid quenching technique such as sputtering is used.

VII. CONCLUSIONS

We use hydrogen as a probe for tracking the degree of
chemical segregation in the immiscible MgyTi1−yHx alloy
system through the recording and modeling of pressure–
optical-transmission isotherms. The unusual shape of the ex-
perimental PTIs and the plateau pressures at various Mg
atomic fractions y and temperatures are well reproduced by
the multisite lattice gas model, assuming the chemical short-
range order parameter s as the only free varying parameter.
We find that the sloping behavior in the isotherms is repro-

FIG. 7. �Color online� Empty symbols, PTI simulations for
Mg0.61Ti0.39 with �a� varying L and s=0.36 and �b� L=0.2 and vary-
ing s, and for Mg0.75Ti0.25 with �c� varying L and s=0.36 and �d�
L=0.2 and varying s. Filled squares, corresponding experimental
pressure–optical-transmission isotherms at temperature T=333 K.
The orange diamond symbols are the best simulations, as shown in
Fig. 4.

FIG. 8. Filled circles, CSRO parameter s for various MgyTi1−y

compositions derived from hydrogenography data by means of the
multisite model described in Sec. IV. The increased error bar at y
=0.80 originates from a larger error in the metallic state transmis-
sion TM at this composition. Empty circles, CSRO parameters from
EXAFS measurements �as-deposited state, data from Baldi et al.
�Ref. 20�.
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duced assuming the gradual filling with pressure of Ti-
containing tetrahedral sites �mainly Mg3Ti sites in the pres-
sure range measured�, while the plateaus are due to the
hydrogenation of Mg4 sites. The CSRO s values derived
from the multisite modeling of hydrogenography data agree
well with s values determined from EXAFS measurements.
The nonzero L parameter shows that the volume of intersti-
tial sites depends on the local chemical composition and,
therefore, indicates the presence of local modulations of the
crystal lattice size.

The ability to model optical isotherms is a significant step
in understanding the hydrogenography results from the mi-
crostructural point of view and adds a valuable tool in the
combinatorial search for new light-weight hydrogen storage
materials. More generally, this multisite lattice-gas model, by

determining two essential characteristics of an alloy micro-
structure that are the CSRO parameter s and the lattice
modulation parameter L, is complementary to experimental
local-environment probes such as EXAFS or more elaborate
modeling approaches using reverse Monte Carlo simulation
and molecular dynamics to characterize alloys created be-
tween immiscible elements.
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