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A B S T R A C T

Polycrystalline samples of chromium hydride CrH and deuteride CrD with a hexagonal close-packed (hcp) metal 
lattice were synthesized at a hydrogen (deuterium) pressure of 7.4 GPa and a temperature of 873 K, rapidly 
cooled to 100 K, recovered to ambient pressure and studied by differential scanning calorimetry at temperatures 
from 120 to 220–240 K. The calorimetric study and density functional theory calculations helped to determine 
the isobaric heat capacity CP of hcp-CrH at temperatures up to 1000 K and to clarify the shape and position of its 
acoustic phonon band and the coefficient of electronic heat capacity. The investigation of hcp-CrD demonstrated 
the approximately harmonic change in the energy of its optical vibrations compared with hcp-CrH. Using the 
obtained CP(T) dependence of hcp-CrH for the calculation of its Gibbs energy gave the line of the Cr + (1/2) 
H2––CrH equilibrium in the T-P diagram of the Cr–H system. The position of this line corroborated the debatable 
opinion that the pressure of thermodynamic equilibrium is much closer to the pressure of hydride decomposition 
than to the pressure of its formation.

1. Introduction

Chromium hydride CrH with a hexagonal close-packed (hcp) metal 
lattice belongs to a fairly large group of hydrides of d-metals of groups 
VI–X of the Periodic Table, which are thermodynamically stable only at 
high hydrogen pressures (see Refs. [1,2]) and quickly decompose into 
metal and hydrogen gas under normal conditions. The lattice dynamics 
of most hydrides synthesized at pressures up to 9 GPa have previously 
been studied by inelastic neutron scattering (INS). The measured INS 
spectra, supplemented by ab initio calculations, were used to construct 
the g(E) spectra of the phonon density of states of these hydrides and 
further calculate their isochoric vibrational heat capacity CV(T) at 
temperatures up to 1000 K [3]. However, the accuracy of the obtained 
CV(T) dependences has not yet been assessed, especially at elevated 
temperatures, which are most important for applications. The high ac
curacy of the CV(T) dependences obtained from similar INS measure
ments has previously been proved only for two hydrides: AlH3 [4] and 
MgH2 [5]. Both hydrides are dielectrics and their g(E) spectra are well 
reproduced by first-principles calculations. In contrast, the 
high-pressure hydrides of d-elements are all metals, and the electronic 
contribution to their heat capacity is significant and cannot be 

accurately calculated. In addition, the accuracy of calculating the optical 
parts of phonon spectra for metallic hydrides is much worse than for 
dielectric ones.

Since most high-pressure hydrides of d-metals can only be synthe
sized in rather limited quantities (tens or hundreds of milligrams at best) 
and are thermally unstable under ambient conditions, none of them have 
been studied calorimetrically so far. In this paper, using a differential 
scanning calorimeter PerkinElmer DSC-7, we studied samples of chro
mium hydride and deuteride weighing about 100 mg each. The samples 
were synthesized at a hydrogen (deuterium) pressure of 7.4 GPa and a 
temperature of 873 K and then rapidly cooled (quenched) to 100 K 
before releasing the pressure. The samples obtained in this way were 
then stored in liquid nitrogen, and the calorimeter allowed them to be 
placed in the measuring cell without warming above 100 K. The mea
surements were carried out at temperatures from 120 to 220–240 K. The 
lower boundary of the temperature range was the technical limit of the 
calorimeter; heating the samples above 220–240 K was not possible due 
to their partial decomposition.

We began our calorimetric studies of high-pressure hydrides with 
hcp-CrH since it was one of the most suitable and interesting objects for 
investigation. Chromium is commonly used for hydrogen storage in 
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Laves-type intermetallic compounds TiCr2 [6] and ZrCr2 [7], and in 
multicomponent alloys with a bcc (body-centered cubic) structure [8]. 
Some exotic complex ternary hydrides of chromium compounds are 
formed under high H2 pressure, e.g., Mg3CrH8 with a high hydrogen 
content [9]. Chromium hydrides with an hcp or fcc (face-centered cubic) 
metal lattice and the composition close to CrH can be prepared by 
cathodic electrodeposition of chromium [10,11]. Alternatively, hcp-CrH 
samples with a minimum concentration of defects can be prepared from 
metallic Cr and molecular hydrogen at pressures above ~1.8 GPa [12,
13]. This is well below the upper limit of 9–12 GPa for large-volume 
high-pressure chambers and allows the synthesis of samples large 
enough for calorimetric studies (higher chromium hydrides, Cr2H3 and 
CrH2, are formed at much higher hydrogen pressures of ~17 and ~28 
GPa, respectively [14]). Unlike the non-stoichiometric hydrides formed 
by many d-metals [3], chromium hydride has the composition CrH, 
which simplifies the processing of experimental results and other cal
culations and makes them more rigorous. The electronic heat capacity 
coefficient γel of hcp-CrH has previously been determined experimen
tally [15,16]. The temperature dependences of the molar volume V, 
coefficient of thermal expansion αV = (1/V)(∂V/∂T)P, and bulk modulus 
B0 of hcp-CrH have been predicted by ab initio calculations [17]. Adding 
the electronic contribution Cel = γel⋅T and the difference ΔCPV = α2

VTVB0 

[18] to the CV(T) dependence obtained from the INS measurements gave 
us the isobaric heat capacity CP(T).

The CP(T) dependence calculated in this way agrees well with our 
experimental CP(T) results, so we used it to calculate the standard (at P 
= 1 atm) Gibbs energy G0

CrH(T) of the hydride and to determine the 
temperature dependence of the standard Gibbs energy ΔG0

eq(T) for the 
phase equilibrium Cr + (1/2)H2––CrH. Due to the very large difference 
in the experimental pressures of formation and decomposition of hcp- 
CrH [13,14,17,19–21] (see Fig. 1), the use of the equilibrium ΔG0

eq(T)
dependence gave a semi-quantitative estimate of the position of the line 
of phase equilibrium, which lies between the curves of hydride forma
tion and decomposition. To the best of our knowledge, such an assess
ment has never been carried out for any metal-hydrogen system.

The calorimetric study of chromium hydride was supplemented by a 

study of chromium deuteride. The main objective of the study was to 
estimate the ratio EH/ED of the energies of optical vibrations of H and D 
atoms in these compounds and to find out whether it is close to the 
harmonic value of 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
mD/mH

√
≈

̅̅̅
2

√
≈ 1.41, where mH and mD are the 

masses of H and D atoms, or whether it is as large as EH/ED ≈ 1.5 in 
palladium hydride and deuteride. The problem is that the anomalously 
large EH/ED ratio in the Pd–H/D system, discovered long ago [22], has 
not yet received a convincing explanation: for many years it was thought 
to be due to strong anharmonicity of optical vibrations, until later INS 
studies showed that these vibrations are almost harmonic in both PdH 
and PdD (see Ref. [23] for discussion and references).

2. Details of experiments and calculations

The starting material was single-crystalline bcc chromium metal with 
a purity of 99.999%. Sample plates were cut from a Cr ingot by spark 
machining. The damaged surface layer ~0.05 mm was ground off, and 
then a layer ~0.03 mm was removed by electropolishing in sulfuric acid. 
The final thickness of the plates was 0.3 mm. The samples intended for 
hydrogenation (deuteration) were stacks of discs about 7 mm in diam
eter cut from the plates, each stack weighing about150 mg. The hcp 
monohydride and monodeuteride of chromium were prepared by 
exposing the Cr samples to an atmosphere of molecular hydrogen 
(deuterium) at 7.4(3) GPa and 873(15) K for 25 min in a Toroid-type 
high-pressure chamber [24], using amminoborane NH3BH3 and 
aluminum trideuteride, respectively, as an internal hydrogen (deute
rium) source. After the hydrogenation (deuteration) was completed, the 
sample was quickly cooled (quenched) together with the chamber to 
~100 K; the pressure was released; the chamber was disassembled under 
liquid nitrogen; the sample was removed from the chamber and further 
stored in liquid nitrogen to prevent hydrogen (deuterium) losses. More 
details about the method can be found in Ref. [25].

The hydrogen (deuterium) content of the samples was determined 
with a relative accuracy of 3% by thermal desorption of hydrogen into a 
pre-evacuated measuring system in the regime of heating from 85 to 
920 K at a rate of 10 K/min. The method is described in more detail 
elsewhere [26]. The mass of the analyzed probe was a few milligrams. 
Within the experimental error, the obtained samples had stoichiometric 
compositions of CrH and CrD. As seen from Fig. 2, most of the hydrogen 
(deuterium) was released from the samples above room temperature. At 
the same time, the slow release of gas began already at temperatures of 

Fig. 1. T-P phase diagram of the Cr–H system. The fields of dilute solid 
hydrogen solutions in Cr and of the hcp-CrH hydride are designated as α and ε, 
respectively. The open symbols indicate the onset of the α→ε transition (hy
dride formation) at increasing hydrogen pressure or decreasing temperature. 
The filled symbols stand for the onset of the reverse ε→α transition (hydride 
decomposition) at decreasing pressure or increasing temperature. The dashed 
black curve [17] and the point at 0.071 GPa and 298 K [19] represent theo
retical estimates for the phase equilibrium Cr + (1/2)H2––CrH. All other data 
points are experimental. The solid orange curve is a result of a linear approx
imation of the ΔG0

dec(T) dependence for the experimental points of the ε→α 
transition (see Section 3.3). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

T

Fig. 2. Temperature dependences of the amount of hydrogen (deuterium) 
released from quenched hcp-CrH and hcp-CrD samples heated at 10 K/min in a 
closed pre-evacuated measuring system.
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about 250–270 K, which limited the range of our calorimetric mea
surements to temperatures of up to 220–240 K.

The samples of hydrogenated and deuterated chromium were 
examined by X-ray diffraction at 85 K with a powder Siemens D500 
diffractometer using Cu Kα radiation selected by a diffracted beam 
monochromator. The diffractometer was equipped with a home- 
designed nitrogen cryostat that permitted loading the samples from a 
liquid N2 bath without intermediate warming. Prior to the X-ray inves
tigation, each sample was additionally ground in an agate mortar under 
liquid nitrogen to reduce texture effects. The obtained diffraction pat
terns were analyzed by the Rietveld profile refinement method using 
POWDERCELL2.4 software [27]. X-ray diffraction showed that the 
samples were single-phase hcp hydride CrH with lattice parameters at T 
= 85 K a = 2.718(2) Å, c = 4.426(3) Å, c/a = 1.628(2) and deuteride CrD 
with a = 2.713(2) Å, c = 4.417(3) Å, c/a = 1.628(2), which is consistent 
with the literature data [10,28,29].

The heat capacity of the CrH and CrD samples was measured with a 
5% accuracy at temperatures from 120 to 220–240 K using a Perki
nElmer DSC-7 differential scanning calorimeter. The measurements 
were carried out in the regime of heating at a rate of 20 K/min. The 
masses of the CrH and CrD samples were 72.0 and 115.2 mg, respec
tively. The heating rate of 20 K/min was chosen because the heat ca
pacity of these samples measured at 10 and 5 K/min in preliminary 
experiments was the same, but the CP(T) dependences appeared signif
icantly noisier. To ensure a good thermal contact with the sample 
holder, the samples were enclosed into thin aluminum capsules and 
compacted under a pressure of 0.5 GPa into flat disks 6.6 mm in diam
eter and 0.4–0.6 mm thick.

The dependence CV(T) of the isochoric heat capacity of hcp-CrH at 
temperatures up to 1000 K was previously calculated in Ref. [3] using 
the phonon density of states g(E) derived from INS measurements [30,
31]. However, the accuracy of the acoustic part of the g(E) was ques
tionable because the hcp-CrH sample studied by INS [31] was prepared 
by cathodic electrodeposition of chromium and contained many un
identified defects. For this reason, we took a different approach pres
ently and used the acoustic part of g(E) calculated for hcp-CrH and 
hcp-CrD with the density-functional theory (DFT).

DFT calculations were performed with the CASTEP code [32] using 
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 
[33]. Geometry optimization of the hcp-CrH crystal structure was car
ried out using ultrasoft pseudopotentials generated by CASTEP 
on-the-fly. A plane-wave basis set with a cutoff energy of 400 eV and a 
11x11x6 k-point grid sampling of the Brillouin zone was used for the 
calculation of electronic properties. The optimized values of the lattice 
parameters of hcp-CrH were a = 2.675 Å and c = 4.352 Å, which are by 
about 1.6% smaller than the experimental values. Vibrational properties 
were calculated with the finite displacement approach using a 4 × 4 × 2 
supercell of the original hcp unit cell.

3. Results and discussion

3.1. Heat capacity of hcp-CrH

Fig. 3 shows the experimental temperature dependences of the heat 
capacity CP(T) for bcc-Cr (dashed black curve) borrowed from the 
literature [34,35] and Cexp

P (T) for our CrH sample (segments of thick 
solid colored curves). To minimize the effects of a gradual baseline shift, 
the Cexp

P dependence for the CrH sample was composed of segments 
measured in overlapping temperature intervals with a width of 30–40 K. 
The dashed orange curve starting at 153 K reflects the initial transient 
process, which was characteristic of each measurement and continued 
for 10–15 K. The colored segments in Fig. 3 show the valid calorimetric 
results obtained at temperatures above these transient intervals. To 
improve the statistical accuracy, the sample was measured at least 3 
times in each temperature interval, and the results were averaged.

As seen from Fig. 3, the experimental dependence Cexp
P (T) for CrH is 

in good agreement with the dependence shown by the black solid curve 
and calculated as the sum Ccalc

P (T) = Ccalc
V (T) + Cel + ΔCCrH

PV . In this 
equation, the Ccalc

V (T) dependence (dashed green curve) is calculated 
using a combination of the density gopt of optical phonon states derived 
from INS data [30] and the density gac of acoustical phonon states 
calculated with DFT in the present paper. The solid green curve repre
sents the sum of Ccalc

V (T) and Cel(T) = γel⋅T, where the experimental 
coefficient γel⋅ = 4.5 mJ/K2/mol CrH is taken from Ref. [16]; the elec
tronic contribution Cel(T) is also shown separately by the solid olive line 
at the bottom of Fig. 3. The solid red curve at the bottom of Fig. 3 shows 
the difference ΔCCrH

PV = CP(T) – CV(T) = α2
VTVB0 [18] estimated using the 

temperature dependences of the molar volume V, coefficient of thermal 
expansion αV, and bulk modulus B0 recently predicted for hcp-CrH by ab 
initio calculations [17].

Despite the moderate accuracy of calorimetric measurements, their 
results allow us to judge with confidence that the data used above for 
calculating the heat capacity of chromium hydride are the most accu
rate. The main problem with the previous studies of hcp-CrH is that 
almost all of them were carried out on the samples prepared by cathodic 
electrodeposition of chromium (the method is described, e.g., in Refs. 
[36,37]) and contained a lot of poorly identified impurities and other 
defects. As a result, the acoustic part of the INS spectrum of such a 
sample (solid red circles in Fig. 4) considerably differs from the spectra 
of all other hydrides of d-metals studied so far. In particular, it shows 
noticeable scattering intensity at E > 40 meV between the bands of 
acoustic and optical vibrations. The cathodic electrodeposition can also 

Fig. 3. Experimental temperature dependences of the isobaric heat capacity 
Cexp

P of chromium monohydride hcp-CrH measured in this paper at a heating 
rate of 20 K/min (segments of thick colored curves) and CP(T) of bcc-Cr re
ported in Refs. [34,35] (dashed black curve). Some experimental points of Cexp

P 
are shown as open black circles intersected by vertical bars, which indicate the 
experimental error of 5% of the PerkinElmer DSC 7 scanning calorimeter used 
in the present study. The black solid curve shows the heat capacity of hcp-CrH 
calculated in this paper as Ccalc

P (T) = Ccalc
V (T) + Cel + ΔCCrH

PV , where Ccalc
V (T) and 

Cel (T) are the phonon and electronic contributions to the heat capacity of 
hcp-CrH, respectively, and ΔCCrH

PV is the difference CP(T) – CV(T). The Cel (T) and 
ΔCCrH

PV (T) dependences are also presented separately by the olive and red 
curves, respectively, at the bottom of Figure. R = 8.314 J/mol/K is the uni
versal gas constant. The temperature dependences of CP and CV for CrH can also 
be found in digital format in the Supplementary file “Cp and Cv for CrH and 
CrD.dat”, and ΔCCrH

PV in the file “Delta Cpv for CrH.DAT”. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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produce chromium hydride with a face-centered cubic metal lattice, and 
a comparative analysis of INS spectra of hcp-CrH and fcc-CrH (open blue 
circles in Fig. 4) [31] gave the spectrum of a defect-free hcp-CrH plotted 
with a thin black curve. This spectrum was smoothed (thick black curve 
in Fig. 4) and further used to calculate gac(E) [3].

The dashed black curve in Fig. 5 shows g(E) for hcp-CrH adopted in 
Ref. [3]. The optical part of this spectrum was obtained for a sample 

prepared by reacting chromium metal with gaseous hydrogen at 2 GPa 
and 600 K, so this sample had the minimum possible number of defects. 
The accuracy of the acoustical part of g(E) is doubtful. As seen from 
Fig. 5, it noticeably differs from gac(E), calculated in this paper and 
plotted with the red curve.

The spectra gac(E) and gopt(T) shown in Fig. 5 were used to calculate 
the temperature dependence of the isochoric heat capacity of hcp-CrH 
and contributions to it from the acoustic and optical phonon bands. 
Fig. 6 demonstrates these dependences calculated as: 

CV(T)=R⋅
∫ (

E
kBT

)2

g(E)n(E,T)[n(E,T)+1] dE, (1) 

where kB = 1.381⋅10− 23 J/K is the Boltzmann constant and n(E,T) =
[exp(E/kBT) − 1]− 1 is the Bose factor. With the phonon spectra 
normalized to 6 states in total, this equation gives 

CV(T) ̅̅ →
T̅̅ →∞6R= 3R × 2 per mole of CrH in accordance with the Dulong 

and Petit law.
As seen from Fig. 6, the contribution “Cac,depos

V of CrH” from the 
acoustic vibrations in the hcp-CrH sample prepared by cathodic elec
trodeposition (solid black curve) noticeably differs from “Cac

V of CrH” 
resulted from the present DFT calculations (magenta curve). The 
dependence Ccalc,depos

P (T) calculated using the term “Cac,depos
V of CrH” 

instead of “Cac
V of CrH” is shown in Fig. 7 with a solid violet curve. This 

dependence systematically deviates from the experimental one (seg
ments of thick colored curves) as the temperature decreases, and the 
deviation cannot be compensated for by any means. Therefore, the 
gcalc

ac (E) spectrum calculated in this paper (solid red curve in Fig. 5) better 
represents the density of acoustic phonons in hcp-CrH than the gdepos

ac (E)
spectrum shown by the dashed black curve and derived [3] from the INS 
data for the electrodeposited sample [31].

The hydride hcp-CrH is a paramagnetic metal [31,36], and along 
with phonons, electrons also make a significant contribution to its heat 
capacity (see Fig. 3). The electronic heat capacity coefficient γel of 
hcp-CrH was previously determined from low-temperature calorimetric 
measurements [15,16] on the samples prepared by electrochemical 
methods. As one can see from Fig. 7, using γel = 4.5 mJ/K2/mol CrH 
from Ref. [16] provides a good agreement with experiment (see the solid 
black curve), whereas γel = 10.25 mJ/K2/mol CrH [15] leads to a 

Fig. 4. The dynamical structure factor S(Q,E) of the hcp-CrH (solid red circles) 
and fcc-CrH (open blue circles) powder samples at T = 10 K as a function of the 
energy loss E of the inelastically scattered neutrons [31]. Q is the neutron 
momentum transfer. The horizontal bars indicate the energy resolution. The 
thick solid curve shows the acoustic part of the spectrum used to calculate the 
density gac(E) of acoustic phonons in Ref. [3]. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 5. Phonon densities of states g(E) for hcp-CrH and hcp-CrD. The dashed 
black curve represents the spectrum from Ref. [3] and consists of the optical 
part gopt(E) at E > 90 meV measured at T = 15 K on the sample synthesized 
under a high hydrogen pressure, and of the acoustic part gdepos

ac (E) at E < 40 meV 
calculated from S(Q,E) shown in Fig. 4 by the thick black curve and constructed 
for the sample prepared by electrodeposition. The red solid curve shows the 
spectrum for hcp-CrH composed of gopt(E) from Ref. [3] and gDFT

ac (E) calculated 
in this paper. The solid blue curve depicts gCrD

opt (E) for hcp-CrD calculated as 
1.43gCrH

opt (E ⋅1.43). The areas under the gac(E) and gopt(E) curves are set equal to 
3 phonon modes each. The spectra g(E) for CrH and CrD can also be found in 
digital format in the Supplementary file “g(E) of CrH and CrD.dat”. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 6. Temperature dependences of the isochoric heat capacity CV for hcp-CrH 
(solid curves) and hcp-CrD (dashed curves) calculated from the density gac(E), 
gopt(E), and gac(E) + gopt(E) of phonon states proposed in this paper. The solid 
black curve labeled “Cac.depos

V of CrH” is from Ref. [3]. The CV(T) dependences 
for CrD and CrH can also be found in digital format in the Supplementary file 
“Cp and Cv for CrH and CrD.dat”.
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systematic deviation of the calculated CP(T) dependence (solid orange 
curve) with increasing temperature.

The value of γel = 4.5 mJ/K2/mol CrH is also consistent with the 
results of ab initio calculations of the density Nel of electronic states. For 
example, the DFT calculations of this paper yielded the Nel(Eel) depen
dence (see Fig. S1 in the Supplementary Material) with Nel(EF) = 0.98 
states/eV/atom Cr at the Fermi energy EF. In the free electron model, 

this corresponds to γel =
(

π2k2
B /3

)
Nel(EF) = 2.3 mJ/K2/mol CrH. This is 

half the experimental value of γel [16], and such a proportion is typical 
of d-metals (see, e.g., Ref. [38]).

We must admit that the reasonable value of γel determined in 
Ref. [16] is rather surprising. In fact, the lattice heat capacity coefficient 
β = 0.042 mJ/K4/mol CrH for the low-temperature dependence CP = βT 
3, which was also determined in that paper, proved to be 16 times higher 
than β = 0.0026 mJ/K4/mol CrH obtained from the CV(T) dependence 
calculated in our paper (see Fig. S2 in the Supplementary Material). 
Most likely, the β value of the chromium hydride sample measured in 
Ref. [16] significantly exceeded the intrinsic β coefficient of hcp-CrH due 
to the high concentration of defects formed during the electrochemical 
hydrogenation process. The defects have not yet been identified, but 
their presence is evidenced, in particular, by the high parasitic intensity 
in the INS spectrum at energies below the optical phonon band (solid red 
circles in Fig. 4).

The difference ΔCPV = CP – CV for hcp-CrH (solid red curves at the 
bottom of Fig. 3 and also in Fig. 8c on a larger scale) was determined 
using the temperature dependences of the coefficient of thermal 
expansion αV, molar volume V, and bulk modulus B0 calculated in 
Ref. [17]. To improve the accuracy of the theoretical predictions [17], 
the calculated dependences of these parameters were adjusted to match 
the available experimental data. The adjusted dependences are plotted 
in Fig. 8 as hatched curves.

The αV(T) dependence for hcp-CrH was only calculated in Ref. [17] at 
temperatures above ≈90 K. To construct this dependence at lower 
temperatures, we used one of Grüneisen’s semi-empirical laws to say 

that α(T) ≈ A⋅CV(T) (see Ref. [18]). As one can see from Fig. 8a, the 
choice of the constant A = 8.87⋅10− 7 (J/mol CrH)− 1 gives the depen
dence α(T) (dashed red curve), which smoothly turns into the calculated 
dependence α(T) (hatched blue curve) at T > 90 K. For further estimates, 
we used α(T) shown in Fig. 8a as a solid cyan curve and consisting of the 
rescaled CV(T) at T ≤ 200 K and α(T) from Ref. [17] at higher 
temperatures.

Two almost coinciding curves V(T) in Fig. 8b are drawn through the 
experimental point V(85 K) = 8.524 cm3/mol CrH (open red circle) 
obtained by X-ray diffraction in this paper. The hatched blue curve is 
taken from Ref. [17] and the solid red curve is obtained by integrating 
the α(T) dependence shown in Fig. 8a with the solid cyan curve.

The hatched cyan curve B0(T) in Fig. 8b is copied from Ref. [17], 
where it was drawn through the experimental point B0(298 K) = 177 
GPa [14] shown as a solid black circle. There is a semi-empirical Grü
neisen relation stating that B0(T) ≈ B0(0 K) [V(0 K)/V(T)]8.4 (see 
Ref. [39] for discussion and references).

As one can see, such a dependence depicted in Fig. 8b with a dark 
yellow curve well reproduces the dependence calculated in Ref. [17].

The resulting term ΔCPV = α2
VTVB0 presented in Fig. 8c is negligibly 

Fig. 7. Temperature dependences of the isobaric heat capacity CP for hcp-CrH. 
Both the calorimetric results (thick colored sections of the curve) and the most 
reliable calculated dependence (solid black curve) are taken from Fig. 3. The 
solid violet curve shows the heat capacity calculated in Ref. [3] using g(E) for 
the electrodeposited sample (dashed black curve in Fig. 5). The solid orange 
curve is calculated assuming the electronic heat capacity coefficient γel = 10.25 
mJ/K2/mol CrH [15] instead of γel = 4.5 mJ/K2/mol CrH [16] used in this work 
to calculate the solid black curve. The electronic contributions Cel = γel⋅T with 
these values of γel are also shown separately with the dashed orange and solid 
red lines, respectively, at the bottom of the Figure. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 8. Temperature dependences of the coefficient of thermal expansion αV 
(a); molar volume V (b); bulk modulus B0 (b), and difference ΔCPV = CP – CV (c) 
for hcp-CrH. The hatched curves show the results of ab initio calculations [17]. 
The dashed red curve in Figure (a) represent the rescaled dependence CV(T) 
determined in this paper. The solid dark yellow curve in Figure (b) shows the 
B0(T) dependence derived from the Grüneisen relation B0(T)/B0(0 K) ≈ [V(0 
K)/V(T)]8.4. The dependences shown in this Figure as solid curves can also be 
found in digital format in the Supplementary file “Delta Cpv for CrH.DAT”. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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small compared to CP in the temperature range 120–240 K examined by 
calorimetry in this paper. Accordingly, the difference between CP and CV 
in this temperature range is determined mainly by the electronic heat 
capacity, so the good agreement of the experimental CP and the calcu
lated CV + Cel (see Fig. 3) confirms the validity of γel = 4.5 mJ/K2/mol 
CrH measured in Ref. [16].

3.2. Heat capacity of hcp-CrD

The temperature dependence of the heat capacity Cexp
P (T) of the hcp- 

CrD sample measured in this paper is plotted in Fig. 9 by segments of 
thick solid colored curves. This experimental dependence is in good 
agreement with the dark blue curve calculated as Ccalc

P (T) = Ccalc
V +

CCrH
el + ΔCCrH

PV . In this equation, we used the CCrH
el (T) and ΔCCrH

PV (T) de
pendences obtained for hcp-CrH, since the corresponding dependences 
for hcp-CrD are not yet known. The Ccalc

V (T) dependence was calculated 
for hcp-CrD using Eq. (1) and g(E) = gCrD

ac (E)+ gCrD
opt (E), where the 

acoustic gCrD
ac (E) was calculated by DFT in this paper and the optical 

gCrD
opt (E) was obtained as gCrD

opt (E) = 1.43gCrH
opt (E ⋅1.43) by rescaling gCrH

opt (E)
derived from the experimental INS spectrum of hcp-CrH [3]. The optical 
gCrD

opt (E) is shown in Fig. 5 by the solid blue curve, while the gCrD
ac (E)

located at E < 40 meV is not shown, because it coincides with the density 
of acoustic phonons in hcp-CrH (solid red curve in Fig. 5) within the line 
thickness.

The contribution Cac
V (T) of acoustic phonons in hcp-CrD almost co

incides with Cac
V (T) in hcp-CrH as well (compare the curves “Cac

V of CrD” 
and “Cac

V of CrH” in Fig. 6), and the difference between the Ccalc
P (T) of 

hcp-CrD and hcp-CrH is fully determined by the difference in their 
Copt

V (T) dependences. As one can see from Fig. 6, in the temperature 
range 120–240 K of the calorimetric study, the difference is rather large 

and allows a rough estimate of the coefficient η = EH/ED of the con
version used to obtain gCrD

opt (E), where EH and ED are the energies of op
tical vibrations of CrH and CrD, respectively.

The coefficient η = EH/ED was previously determined experimentally 
for hydrides and deuterides of many different metals (a summary of the 
results can be found in Ref. [3]). As for the monohydrides of d-metals of 
groups VI–X, in which hydrogen atoms occupy octahedral interstices in 
the close-packed metal lattice, the values η = 1.43–1.44 ≈

̅̅̅
2

√
were 

found for fcc NiH/NiD [40] and hcp MoH1.1/MoD1.1 [23], and an 
anomalously large value η = 1.49–1.51 was obtained for fcc PdH/PdD 
[22,41]. The origin of η ≈ 1.5 for the hydride and deuteride of palladium 
is not yet clear (see discussion in Ref. [3]), so it cannot be said whether 
these substances are unique in this respect or not.

In Fig. 10, the solid cyan curve depicts the Ccalc
P (T) dependence 

calculated using gCrD
opt (E) = 1.51gCrH

opt (E ⋅1.51), while the other parameters 
remained unchanged. The curve systematically deviates upward from 
the experimental Cexp

P dependence as the temperature increases. This 
indicates that the value of η should be lower than 1.51, and using the 
value η = 1.43 experimentally determined for the pairs NiH/NiD [40] 
and MoH1.1/MoD1.1 [23] appears more appropriate (see the dark blue 
curve).

Regretfully, the aluminum trideuteride used as the source of deute
rium in the synthesis of the hcp-CrD sample was contaminated with 3 at. 
% H. Consequently, the sample must also have been contaminated with 
protium. When we used the same trideuteride for a high-pressure syn
thesis of deuterides of palladium [41] and molybdenum [23], the ob
tained samples contained about 5 and 7 at.% H, respectively. The 
protium content of the hcp-CrD sample studied in this work was not 
determined experimentally. To estimate from above the effect of the 
protium impurity on the heat capacity of this sample, the solid orange 
curve in Fig. 10 shows a CP(T) dependence for a sample consisting of 
90% CrD and 10% CrH. As one can see, the effect is small in the studied 
temperature interval below 240 K and it cannot annul the conclusion 
that η = 1.51 is too large for the CrH/CrD pair.

Having made sure that the Ccalc
P (T) dependences calculated on the 

basis of the INS data well described the experimental Cexp
P (T) de

pendences of hcp-CrH and hcp-CrD at temperatures up to 240 K, we 
extended the Ccalc

P (T) dependences to 1000 K (see Fig. 11).

Fig. 9. Segments of thick colored curves represent the temperature dependence 
of the isobaric heat capacity Cexp

P of hcp-CrD measured at a heating rate of 20 K/ 
min. Some experimental points of Cexp

P are plotted as open black circles inter
sected by vertical bars indicating the experimental error 5%. The solid blue 
curve shows the Ccalc

P (T) dependence of hcp-CrD calculated in this paper as the 
sum of the phonon heat capacity Ccalc

V of hcp-CrD (dashed cyan curve), the 
electronic heat capacity CCrH

el (solid olive line at the bottom of the Figure) and 
the difference ΔCCrH

PV = CP(T) – CV(T) (solid red curve at the bottom of the 
Figure). Also shown are the sum Ccalc

V + CCrH
el for hcp-CrD (solid cyan curve), Cexp

P 
for hcp-CrH (solid black curve), and the experimental CP for bcc-Cr reported in 
Refs. [34,35] (dashed black curve). The temperature dependences of CP and CV 
for CrD and CP for CrH can also be found in digital format in the Supplementary 
file “Cp and Cv for CrH and CrD.dat”, and ΔCCrH

PV in the file “Delta Cpv for CrH. 
DAT”. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 10. Temperature dependences of the isobaric heat capacity CP for hcp-CrD 
and bcc-Cr. The solid blue curve is the same as in Fig. 9. The solid cyan curve 
represents the sum Ccalc

V + CCrH
el + ΔCCrH

PV , where Ccalc
V is calculated using 

gCrD
opt (E) = 1.51gCrH

opt (E ⋅1.51). The solid orange curve shows the heat capacity of a 
mixture of 90% CrD +10% CrH. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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3.3. T-P phase diagram of the Cr–H system

The CP(T) dependences shown in Fig. 11 were further used to 
calculate the standard enthalpy H0(T) =

∫ T
0 CP(τ)dτ, standard entropy 

S0(T) =
∫ T

0 [CP(τ) /τ]dτ, and standard Gibbs energy G0(T) = H0 – T⋅S0 for 
hcp-CrH, hcp-CrD, and bcc-Cr. The G0(T) dependences thus obtained are 

depicted in Fig. 12 together with the G0(T) dependences for gaseous H2 
and D2 from the literature. These G0(T) dependences were further used 
to calculate the “equilibrium” Gibbs energies ΔG0(T) of formation of 
hcp-CrH and hcp-CrD shown in the upper part of Fig. 12. As one can see, 
both ΔG0(T) dependences are almost linear, and a linear fit (thin straight 
lines) gives constant values of ΔS0 = 64.4(1) and 66.2(1) J/K/mol for 
the formation of chromium hydride and deuteride, respectively.

The ΔG0(T) dependences calculated in this way cannot give us the 
enthalpy ΔH0 of the reaction, since the energies G0(T) are not measured 
from the same level. However, in the case of the Cr–H system, we can 
estimate ΔH0 by comparing the ΔG0(T) curve with the ΔG0

form(T) and Δ 
G0

dec(T) dependences calculated for the available experimental T(P) 
points of formation and decomposition of hcp-CrH (see Fig. 1). For the 
decomposition we can write: 

ΔG0
dec(T)=

∫ P0

Pdec

ΔVdP=

∫ P0

Pdec

(

VCrH − VCr −
1
2
VH2

)

dP≈ − βHPdec

+
1
2

∫ Pdec

P0

VH2 dP. (2) 

In this equation, βH = 1.33 cm3/mol is the difference between the molar 
volumes of hcp-CrH and bcc-Cr under normal conditions and VH2 (T,P) is 
the molar volume of molecular hydrogen. The equation for ΔG0

form(T) is 
similar. The volume VH2 (T,P) was calculated using the equation of state 
from Ref. [45] at pressures above 1 MPa and the equation for ideal gases 
at 0.1 ≤ P ≤ 1 MPa. The obtained points ΔG0

dec(T) and ΔG0
form(T) are 

presented in Fig. 13.
As seen from Fig. 13, the ΔG0

dec(T) points all lie on the linear 
dependence ΔG0

dec(T) = ΔH0
dec − T⋅ΔS0

dec shown with a solid orange line; 
the fitting parameters of this line are ΔH0

dec = − 12.7(7) kJ/mol and Δ 
S0

dec = 71.3(10) J/K/mol. The Tdec(Pdec) dependence calculated from Δ 
G0

dec(T) using Eq. (2) is shown in Fig. 1 and 14 with a solid orange line, 

Fig. 11. Temperature dependences of the isobaric heat capacity CP for hcp-CrH 
(orange curve) and hcp-CrD (blue curve) calculated in this paper. The dashed 
black curve presents the experimental CP(T) for bcc-Cr reported in Refs. [34,35]. 
The red and olive curves at the bottom of the Figure show, respectively, the 
difference ΔCCrH

PV = CP − CV for hcp-CrH calculated in this paper and the elec
tronic heat capacity CCrH

el (T) = γel⋅T with the experimental coefficient γel = 4.5 
mJ/K2/mol CrH determined in Ref. [16]. The CP(T) and CV(T) dependences for 
CrD and CrH can also be found in digital format in the Supplementary file “Cp 
and Cv for CrH and CrD.dat”, and ΔCPV of CrH in the file “Delta Cpv for CrH. 
DAT”. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 12. Temperature dependences of the standard (at P0 = 1 atm) Gibbs en
ergy G0 of the components of the reactions Cr + (1/2)H2 → CrH (solid curves) 
and Cr + (1/2)D2 → CrD (dashed curves) and of the Gibbs energy ΔG0 of these 
reactions (two upper curves). The thin solid straight lines represent linear fits to 
the ΔG0(T) dependences. The literature data for gaseous H2 are taken from 
Ref. [42] at T ≥ 298 K and Ref. [43] at T < 298 K, and for gaseous D2 from 
Ref. [44]. The dependences shown in this Figure for CrH and CrD can also be 
found in digital format in the Supplementary files “DeltaG0 for CrH.DAT” and 
“DeltaG0 for CrD.DAT”, respectively.

Fig. 13. Standard Gibbs energy ΔG0(T) of the Cr + (1/2)H2 → CrH reaction 
taken from Fig. 12 (dashed green curve), ΔG0

dec(T) of decomposition of hcp-CrH 
(solid symbols), and ΔG0

form(T) of its formation (open symbols). The shape and 
color of the symbols are the same as in Fig. 1. The solid green curve is obtained 
by shifting the ΔG0(T) curve downwards by 7.00 kJ/mol; this solid curve is 
further considered as ΔG0

eq(T) of the Cr + (1/2)H2––CrH equilibrium. The thin 
straight lines are linear approximations of the ΔG0

eq(T) and ΔG0
dec(T) de

pendences. The dependence ΔG0
dec(T) can also be found in digital format in the 

Supplementary file “Peq and DeltaG0eq for CrH.DAT”. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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too.
The thick solid green curve Teq(Peq) in Fig. 14 represents the Cr + (1/ 

2)H2––CrH equilibrium. It was calculated using an analogue of Eq. (2)
and the ΔG0

eq(T) dependence shown in Fig. 13 with the thick green 
curve, which was obtained by shifting the ΔG0(T) dependence (dashed 
green curve) downwards by 7.00 kJ/mol. The value of the shift was 
chosen so that the resulting Teq(Peq) curve passed between the curves of 
formation and decomposition of hcp-CrH in the pressure interval 
1.5–1.8 GPa, where the distance between them is minimal. At room 
temperature, ΔG0

eq(298 K) = 12.1 kJ/mol; ΔH0
eq(298 K) = − 6.5 kJ/mol; 

ΔS0
eq(298 K) = − 62.6 J/K/mol. The parameters of the linear approxi

mation (straight violet line in Fig. 13) of the ΔG0
eq(T) dependence have 

similar values of ΔH0 = − 6.74(5) kJ/mol and ΔS0 = − 64.35(7) J/K/ 
mol.

As seen from Fig. 14, the value of Peq (298 K) ≈ 0.33 GPa is 
approximately 5 times higher than Pdec = 0.071 GPa [19] and 5 times 
lower than Pform = 1.7 GPa [14]. This is consistent with the most com
mon view that in the metal-hydrogen systems, the pressure of thermo
dynamic equilibrium is usually much closer to the pressure of hydride 
decomposition than to the pressure of its formation.

4. Conclusions

Despite the moderate accuracy of 5% and limited temperature range, 
the calorimetric study of chromium hydride and deuteride added quite a 
lot of information about their physical and thermodynamic properties. 
In our opinion, the most interesting result is the semi-quantitative 
localization of the line of the Cr + (1/2)H2––CrH equilibrium between 
the curves of hydride formation and decomposition. Based on indirect 
evidence, the majority of the hydride community has gradually come to 
the opinion that the equilibrium pressure should be closer to the 
decomposition pressure of the hydride and may almost coincide with it. 
The investigation of the Cr–H system provided experimental support for 
this opinion.

To facilitate further use of the temperature dependences of the heat 
capacities, Gibbs free energies and other thermodynamic parameters, as 
well as the curve of the Cr + (1/2)H2––CrH equilibrium determined in 
this paper, they are presented in digital form in the Supplementary 
Information.
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