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LETTER TO THE EDITOR 

The heat capacity of CW-type ZrCrzH,: evidence for 
low-energy localized excitations 
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T Max-Planck-lnstitut fur Metallforschung. lnstiN1 fur Physik. 0-70569 Stuugan, Federal 
Republic of Germany 
f Institute of M e a  Physics, Urals Branch of the Academy of Sciences, Ekaterinburg 620219. 
Russia 

Received 16 September 1993 

Abstract Heat capacities C(7)  of C15-type KnH, (0 < x < 050) have been m u r e d  over 
the temperature range 5.>293 K. For the hydrogen-doped samples the heat capacities show 
considerable non-eleclmnic contributions to the low-temperature linev C ( T )  term and strong 
deviations from the &bye behaviour in the range 15-50 K. These features are consistenl with 
the existence of additional low-energy modes related to hydrogen motion. 

The intermetallic compound ZrCrz may exist in the form of two structural modifications 
(the hexagonal C14 or the cubic C15) both of which absorb large amounts of hydrogen. 
Recent nuclear magnetic resonance (NMR) experiments [ l ,  21 have revealed the anomalously 
high hydrogen mobility down to low temperatures in the CIS-type ZrCr2Hx ( x  < 0.5). 
The microscopic picture of hydrogen motion in these compounds is not yet clear. The 
experimental NMR relaxation data [ 1,2] suggest a coexistence of two types of diffusive H 
motion with different frequency scales (e.g. some kind of localized motion in addition to 
the long-range diffusion). The localized hydrogen motion which is not frozen out on the 
NMR frequency scale (107-10'0 s-I) down to T Z=Z 30 K has been found earlier in the related 
CS-type system T~VZH,@,) [3,4]. Such localized motion may be described as hydrogen 
tunnelling in a double-well potential. In the present letter we report on the results of the heat 
capacity measurements in C15-type ZrCrzH, showing strong effects of hydrogen motion at 
T < 80 K. 

The preparation of the samples has been described in our previous papers [1,2]. 
Measurements were made on four ZrCrzHx samples with x = 0, 0.27, 0.45 and 0.50. 
All the samples were prepared from the same ingot of ZrCrz. According to the x-ray 
diffraction analysis, all the samples are single-phase compounds having the cubic C1S-type 
structure; their lattice parameters are listed in table 1. No signs of a phase separation in 
ZrCrzH, with x < 0.5 have been found in N m  experiments [1,2] down to 11 K; this 
is consistent with the tentative phase diagram of the ZrCr2-H(D) system [SI. The heat 
capacity C was measured by the standard adiabatic method. Germanium and platinum 
resistance thermometers were used to measure the temperature in the ranges 5.3-20 K and 
2C-293 K, respectively. Experiments on the copper reference sample have shown that the 

§ Alexander von Humboldt Research Fellow. Permanent address: Institute of Metal Physics, Urds Branch of the 
Academy of Sciences. Ekaterinburg 620219, Rnssia. 

0953-8984193/480619+0750 @ 1993 IOP Publishing Ltd L619 



L620 Lefter io the Ediior 

Table 1. Lattice parameters at room temperature and the low-temprature heat capacity fit 
parameters for XnH, compounds. 

Sample a (A) S (mJ mol-' K-l) 6b (K) 
ZCr, 7.210 4.870.4 424$6 
ZrCr2Hnn 7.245 17.0T0.3 397T5 
&Hi,> 7.260 15.9T0.5 42477 
ZrCr~Hoa 7.214 13.3T0.4 422836 

accuracy of the heat capacity measurements is about 1-2% at T < 7 K, 0.5% between 7 
and 15 K, and 0.4% in the range 15-293 K. 

Figure 1 shows the low-temperature behaviour of the heat capacity of ZrCrZH, in the 
usual C / T  against T2 representation. For all the samples studied the experimental data at 
T < 15 K can be described by the expression 

In metals y is usually identified as the electronic specific heat coefficient proportional to 
the density of electron states at the Fermi level, N f E p ) ,  and 

with R, z and 60 being the gas constant, the number of atoms in as formula unit and 
the limiting Debye temperature, respectively. The values of y and 60 resulting from the 
least-squares fit of equation (1) to the data are presented in table 1. 
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Figure 1. Low-temperature khaviour of C/T as a function of T'. Solid lines represent 
least-squares fits of equation (1) to the dala for ZCr2 and W ~ H o a .  

As can be seen from this table, the concentration dependence of y appears to be non- 
monotonic. Furthermore, there is a strong difference between the apparent y values for 
the hydrogen-free and hydrogen-doped samples. On the other hand, the measurements of 
the magnetic susceptibility, the proton Knight shift and the electronic contribution to the 
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proton spin relaxation rate [1,2] unambiguously show that N(Ep) in ZrCrzH, increases 
monotonically with increasing x. This is also consistent with the results of the x-ray 
photoelectron spectroscopy [6] and the band structure calculations [7]. Similar behaviour of 
N ( & )  as a function of x has been observed for the isoelectronic system TiCrZH, [8]. This 
means that the apparent values of y for ZrCrzH, with low x should contain considerable 
non-electronic contributions (most probably related to hydrogen motion). 

The linear (or nearly linear) contributions to C ( T )  of non-electronic origin are known 
to exist in glasses [9]. They can be accounted for by the two-level system (TLS) model [lo] 
implying the tunnelling of atoms in a double-well potential. However. the microscopic 
description of TLS in glasses remains to be elucidated. It is generally assumed that 
the existence of the double-well potentials is due to the disorder in glasses, so that a 
rearrangement of a group of atoms can switch the system between the adjacent local energy 
minima. For a metal-hydrogen system is it natural to relate m to the motion of a single 
H atom. The relevant example is the tunnelling of H in the double-well potential near 0 
and N impurities in niobium [ 1 I]. For a number of metal-hydrogen systems double-well 
potentials are expected to be intrinsic [4,12,13]. 
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Figure 2. Tempaxlure dependence of Cf 7 for Z& and ZICr$-b.&. 

Figures 2 and 3 show the temperature dependence of C/T for ZrCr2Hr in the range 
15-293 K. For the hydrogen-free ZrCr;! the behaviour of C / T  is typical of crystalline solids. 
However, for the hydrogen-doped samples marked anomalies in C / T  are observed. First, 
there are strong deviations from Debye behaviour of the heat capacity above 16 K (see also 
figure 1). the rise in C/ T being more pronounced for the samples with lower x. This may 
be correlated with the fact that the low-temperature hydrogen mobility in ZKrzH, increases 
with decreasing x [2]. It should be noted that optical vibrations of hydrogen cannot give 
significant contributions to C ( T )  in this temperature region since their characteristic energy 
is too high, being of the order of 0.15 eV [14]. 

Second, for x = 0.27 and 0.45 there are additional shoulder-lie anomalies near 40 K. 
Figure 4 shows the temperature dependence of ( C - y T ) / T 3  for ZrCrz and 2rCrzHo.n below 
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Figure 3. Temperature dependence of CIT for ZlcriUo.n and ZrCrzUosa. 
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Figure 4. Temperature dependence of (C - yT) /T'  fa Zrcrr and 7iCrzHon. 

50 K. These axes are convenient for the analysis of deviations from the Debye behaviour 
of C ( T ) .  As can be seen from figure 4. the effects of hydrogen doping are dramatic. For 
ZrCr2Ho.n the value of (C - yT) /T'  shows a maximum near 25 K. Similar maxima in 
C / T 3  near IC-20 K are typical of glasses [9]; they can be ascribed to the soft localized 
vibrational states [ 151. 

A rough estimate of the density of such soft localized modes n may be obtained by 
comparing the energy of a single mode with the total excess vibrational energy. The energy 
of the soft mode is expected to be of the order of 4.9k~T- [16], where T,,, is the 
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temperature of the (C - y T ) / T 3  maximum. The total excess vibrational energy can be 
estimated from the heat capacity data by subtracting the Debye contribution and integrating 
over the temperature range of the anomaly. For ZrCrzHo.n such an estimate in the range 
15-50 K gives n = 0.1 (per formula unit). This value is of the same order of magnitude as 
the hydrogen concentration (x = 0.27) in the sample. 

For the samples with x = 0.45 and 0.50 the additional feature of C(T) is observed near 
70 K (figures 2 and 3). The behaviour of C(T) in this region resembles the well known 
‘50 K anomaly’ in the heat capacity of concentrated PdHH,(D,) [17]. Neutron scattering 
experiments in PdDx [ 181 have shown that this anomaly originates from hydrogen ordering. 
Similar anomalies in C(T) related to low-temperature hydrogen ordering have recently been 
observed in C15-type TaVzHx(Dx) [19]. In the case of TaV*H,(D,) the low-temperature 
phase transition is found to be ‘weak’, i.e. it is not accompanied by a change in the host 
lattice structure. For ZrCrlH, the corresponding anomalies in C(T) are even weaker. 
Thus one can hardly expect the formation of a phase with long-range order in ZrCrzH, 
with x < 0.5; some kind of short-range order seems to be more probable. As has been 
noted previously [19], a direct relation may exist between the localized motion of H atoms 
and the low-temperature phase transition. Such a relation is known to exist, for example, 
in ferroelectrics of the KHzPOl (KDP) type [20] where a proton can move between two 
equilibrium sites in the potential of the hydrogen bond. 

In conclusion, our measurements have revealed glass-lie features in the heat capacity of 
ZrCrZH, with 0 < x < 0.5 including considerable non-electronic contributions to the low- 
temperature linear C ( T )  term and strong deviations from Debye behaviour in the range 15- 
50 K. These features suggest the existence of additional low-energy modes due to hydrogen 
motion: they may be related to the anomalously high hydrogen mobility in ZrCrZH,. To 
the best of our knowledge, this is the first time that such a glass-like behaviour of C ( T )  has 
been observed in a crystalline metal-hydrogen system with considerable hydrogen content 
The microscopic picture of hydrogen motion in this system may be clarified by neutron 
scattering experiments. Since the low-temperature anomalies are likely to imply hydrogen 
tunnelling, one may expect strong effects of hydrogen isotope substitution. Heat capacity 
measurements on ZrCr2Dr are in progress now. 

We are grateful to A E Karkin for assistance in heat capacity measurements. 
acknowledges financial support from the Humboldt Foundation. 
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