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We present experimental results for the magnetic susceptibility in the temperature range between
10 and 300 K and for the low-temperature specific heat in samples of nominal composition V,ZrH,,
0<x < 1.22. These data are supplemented by results from x-ray diffraction experiments. We find
that at low temperatures and for x <1.3, V,ZrH, decomposes into V,Zr and V,ZrH;; In
V,ZrH, 3, the coefficient of the electronic specific heat, ¥, is ~3.2 mJ/K?g-at. (for cubic V,Zr,
y ~23 mJ/K?g-at.) and the magnetic susceptibility at 10 K, X(10 K), is ~ 1.8 X 10~* emu/g-at. [for
cubic V,Zr, X(10 K) ~3.9x10™* emu/g-at.]. Thus, a drastic reduction of the electronic density of
states at the Fermi level is observed. Above 2 K, V,ZrH; ; is not superconducting (for cubic V,Zr,
T.~8.7 K). Our results are discussed in the context of recent band-structure calculations for V,Zr.

I. INTRODUCTION

Among the superconductors with a high electronic den-
sity of states (DOS) at the Fermi level, the C15 compound
V,Zr has attracted much recent attention. In band-
structure calculations,? the electronic DOS was found to
be sharply structured near Er with N (0)~ 110 states/spin
Ry unit-cell. While this value is as high as in the high-
T, A15 compound V;Si, the superconducting transition
temperature is comparatively low (8.7 K). In a previous
publication,® we have presented experimental results for
the low-temperature specific heat and for the magnetic
susceptibility for V,Zr which, when combined with the
band-structure results, are strongly indicative of T,
depression by spin fluctuations (SF). Since V,Zr is able to
absorb large amounts of hydrogen, and since from experi-
ments on Pd it is known that hydrogenation may reduce
N (0) and thus the influence of SF,* it was obvious to ex-
tend our experiments on hydrides of V,Zr.

At room temperature, V,Zr forms hydrogen solid solu-
tions V,ZrH, with 0 <x <5. This has been first reported
by Pebler and Gulbransen.’> Subsequently, the structural
properties of the V,Zr-H(D) system have been studied ex-
tensively, mainly with regard to the sites occupied by the
H(D) atoms.® More recently, from x-ray diffraction
analysis, Irodova et al.” deduced an (x,T) phase diagram
for V,ZrH, (V,ZrD,) within the range 80 K< T < 370
K, 0.4<x <6. Unfortunately, this phase diagram is
rather coarse, in particular for x <1, where only two
points are given for the deuteride (x =0.4 and 0.9) and no
information on the hydride.

Regarding the electronic properties of V,ZrH,
(V,ZrD,), no experimental information has been pub-
lished so far, but there are investigations on the
related systems V,HfH,(V,HfD,) and V,Zr,sHf,sH,
(VyZry sHf sD, ). Diumer et al.® found that the super-
conducting transition temperature 7, (measured induc-
tively) decreases with increasing x in both systems, and
the same has been reported by Duffer et al.’ for
VszHx (VszDx ) For V2Zr0.5Hf0>5Hx
(VyZry sHfy sD, ), Rao et al.!® observed a large “isotope
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effect.” Actually, for 0.8 <x <1.2, they found the hy-
dride still superconducting while ‘the deuteride was not.
No satisfying explanation of this observation has been
given.

In this paper, we report on measurements of the mag-
netic susceptibility and of the low-temperature specific
heat in compounds of nominal composition V,ZrH, with
0<x <1.22. The measurements were accompanied by x-
ray diffraction analysis in the temperature range 20
K < T <295 K. From the results of the x-ray analysis and
from the magnetic susceptibility, a tentative phase dia-
gram for V,ZrH, has been deduced for x <1.3 and 20
K<T<295K.

The present work is a continuation of our previous pub-
lication® on V,Zr, and the reader is referred to that refer-
ence for details regarding the preparation and characteri-
zation of V,Zr and the experimental facilities used for
measurements of the specific heat and of the magnetic
susceptibility. The preparation of the hydrides is
described in Sec. II and the x-ray diffraction analysis in
Sec. III. In Sec. IV we present the specific heat and in
Sec. V the magnetic susceptibility data. A discussion of
our results follows in Sec. VL.

II. HYDROGENATION

Hydrides were prepared by exposing the V,Zr ingots to
a hydrogen atmosphere of 1 to 20 mbar. The hydrogen
was purified in a palladium cell. At room temperature,
the reaction is very fast and leads to a disintegration of
the ingots into fine powder. In order to get compact sam-
ples, the V,Zr ingots were heated to 700 °C before intro-
ducing hydrogen. At this temperature, the dissociation
pressure of the hydride is higher than the applied pressure
and the hydrogen is slowly absorbed during cooling.

We obtained compact V,ZrH, samples of 100 to 500
mg in the composition range 0.36 <x < 1.22. The hydro-
gen content was determined from the volume and pressure
of the absorbed hydrogen as well as from the weight gain.

"Within the experimental accuracy of about 1 at. %, both

methods led to the same result.
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III. X-RAY DIFFRACTION INVESTIGATIONS

The structure of the samples was investigated by means
of x-ray powder diffraction measurements in the tempera-
ture range between 20 and 300 K. A vertically arranged
diffractometer with Bragg-Brentano geometry was used.
On the detector side, a quartz monochromator was ap-
plied to suppress Cu-K,, radiation. The sample was posi-

tioned in vacuum on the cold finger of an Oxford
continuous-flow cryostat. The temperature was measured
with a CLTS resistance strain gauge sensor which was
also used for the temperature control circuit. The stabili-
ty and accuracy were better than +1 K.

The lattice constants and the phase transitions were
studied by monitoring the (2,2,0), (3,1,1), and (2,2,2) re-
flexes as a function of temperature. In addition, the com-
plete diffraction pattern was scanned at 300 and 20 K.
Silicon powder mixed to the samples was used as stan-
dard. As a representative example we have chosen
V,ZrH, 57 to discuss our results. In Fig. 1, the lattice pa-
rameter @, as a function of temperature is shown for this
sample. At 300 K, hydrogen forms a homogeneous solid
solution. Thus, a single cubic phase is observed, its lattice
parameter being increased in comparison to V,Zr. Below
260 K, segregation leads to two distinct cubic phases
which differ in hydrogen concentration and thus in ag.
Since in V,ZrH, the lattice parameter a is a linear func-
tion of x, the composition of these two phases can be
determined from the measured ao.> The only correction
to be applied is the temperature dependence of a, which
was assumed to be the same as for V,Zr. At our lowest
temperature T =20 K, x=x,=1.3+£0.1 was found for
the hydrogen-rich phase and x <0.05 for the hydrogen-
poor phase.

Below 200 K, line splitting is observed for some of the
reflections of the hydrogen-rich phase. The new diffrac-
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FIG. 1. Lattice parameters for V,ZrHys; as a function of
temperature; the transformation from the cubic to the rhom-
bohedral phase of V,Zr has not been observed in our x-ray dif-
fraction measurements.
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tion pattern can be indexed on the basis of a tetragonally
distorted cell with ¢/a=0.992+0.001 at 20 K. This
phase transition is probably induced by an ordering of the
hydrogen atoms in the same way as has been found for
szI'D4.0.6

We did not observe the phase transition cubic—rhom-
bohedral in our x-ray pattern for the V,Zr portion, al-
though a transition clearly shows up in the magnetic sus-
ceptibility data (see Sec. V). As already discussed in the
foregoing work on V,Zr,? this transition is likely to be
suppressed in the surface layer probed by x-ray radiation.

The results for the other samples look very similar to
those shown in Fig. 1 except for the fact that changes in x
lead to changes in the temperature where the segregation
takes place and to changes in the respective amounts of
V,Zr and V,ZrH,; at low temperatures. In Fig. 2, we
have summarized our results by drawing a tentative
(x,T ) phase diagram for T between 20 and 300 K and for
x <1.3. The hydrogen concentration at the phase boun-
dary was determined from the lattice constants as already
described above.

At 20 K, two phases are present, pure o V,Zr and
tetragonal 8 V,ZrH; ;. Above about 100 K, the solubili-
ties of hydrogen in the a phase and of hydrogen vacancies
in the [ phase increase noticeably. At about 200 K, the
phase transforms into cubic o’ V,ZrH, which differs
from the a phase by an increased hydrogen content and
enlarged lattice constant. Above about 260 K, the misci-
bility gap between the a and a’ phase is closed leading to
a homogeneous solid solution of hydrogen in V,Zr.

Our results are similar to those by Irodova et al.” for
V,ZrDy 4. These authors found a decomposition into
V,Zr and V,ZrD_, , below 180 K and a transition of the
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FIG. 2. Tentative (x,T) phase diagram for V,ZrH,. The di-
agram has been deduced mainly from our x-ray results on
V,ZrH, s7 (closed circles), the x values of these data points have
been determined from the lattice parameters shown in Fig. 1 as
outlined in the text. The points denoted by an open circle and a
triangle were taken from data for x=0.80 and 1.22, respective-
ly. Since for the tetragonal phase, the relation between lattice
parameters and hydrogen content x is not known, the corre-
sponding relation for the cubic phase was taken which implies
some uncertainty in the right-hand side of the phase boundary
(broken line).
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deuteride to a tetragonal phase with ¢ /a ~0.993, i.e., with
about the same distortion as we found for the hydride.

IV. SPECIFIC HEAT

Specific-heat data were taken in a heat-pulse calorime-
ter’ for temperatures within the range between 2 and 13
K. The data are plotted as C/T versus T? in Fig. 3.
Above T, they were fitted to

Cy(T)=yT +BT>+aT? (1

under the usual entropy constraint.® The resulting con-
stants ¥ and @ p =(127*nky /5B)!/? are listed in Table 1.

For V,Zr (x =0), the specific heat shows two distinct
superconducting transitions at 8.7 and 8.0 K. As has been
outlined in Ref. 3, these transitions have to be assigned to
the cubic (8.7 K) and rhombohedral (8.0 K) phase, respec-
tively, of this compound. For increasing x, the twin
discontinuity smears out and looses in height, but remains
detectable up to x=0.80. For x=1.22, only one broad
transition can be observed between 7.0 and 8.7 K.

The specific-heat results can be interpreted with the
help of the phase diagram plotted in Fig. 2. At low tem-
peratures, a sample of initial composition V,ZrH, has
decomposed into V,ZrH,; ; with concentration ¢ =x /1.3
and into V,Zr with concentration 1—c¢. The twin discon-
tinuity is produced by V,Zr, its height being governed by
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FIG. 3. Specific-heat data plotted as C /T versus T2 for sam-
ples of composition V,ZrH,; the solid lines represent guides to
the eye. Inset: The low-temperature data for x=1.22 on a
larger scale.

TABLE I. Specific-heat coefficient ¥ and Debye temperature
®p for compounds of nominal composition V,ZrH, ; the sample
with x =0 transformed almost completely into the rhom-
bohedral phase of V,Zr which has ¥ ~ 16 mJ/K? g-at. according
to Ref. 3.

Y ®p

x (mJ/K?g-at.) (K)
0 16.2 203
0.33 13.2 210
0.57 11.3 220
0.80 9.1 243
1.22 5.2 305

1—c. No further discontinuity is observable, indicating
that V,ZrH, ; is not superconducting above 2 K.

From the values for y listed in Table I, the individual y
for V,ZrH,; could be extracted by decomposing the
specific heat into separate contributions from V,Zr and
V,ZrH, ;. However, this way demands the proper
knowledge of the phase boundary, in particular for the
samples with lower x. A more direct and more reliable
estimate for ¥ in V,ZrH; ; can be obtained by extrapolat-
ing the low-temperature part of the C/T curve for
x=1.22 (see inset in Fig. 3) down to T =0. This gives
Y(V,ZrH, ;) ~3 mJ/K? g-at.

Actually, because of the small remainder ( ~6%) of su-
perconducting V,Zr, this number has to be divided by
0.94 which leads to ¥ ~3.2 mJ/K?g-at. The error bar for
this result is mainly determined by the uncertainty in the
determination of the phase boundary at xo~1.3. If we
estimate this uncertainty in x, by +0.1 (see Sec. III), as
our final result we find y=3.2+0.3 mJ/K?g-at. in
szrHl_ 3.

V. MAGNETIC SUSCEPTIBILITY

The magnetic susceptibility X(7T ) was determined from
magnetization measurements in a Faraday balance in the
same way as already described in Ref. 3. The measure-
ments were performed at temperatures between 10 and
300 K. The results are shown in Fig. 4. v

In interpreting these results, let us start with the sample
with x =0 (i.e., V,Zr). For this sample, X(T ) shows a
marked step below 130 K. As has been discussed exten-
sively in Ref. 3, this decrease is due to the transformation
from the cubic to the rhombohedral phase. For increasing
x, the step looses in height and is barely recognizable for
the sample with x=1.22. This can easily be understood
with the aid of the phase diagram shown in Fig. 2: At
130 K, hydrides with 0 <x < 1.3 have almost completely
decomposed into V,Zr and V,ZrH, ;. Thus, since the step
is produced by V,Zr, its height is proportional to the
amount of V,Zr which decreases with increasing x.

For x=0.36, 0.57, and 0.80, two more features appear,
namely, a further step around 200 K and a broad max-
imum around 260 K. We relate the further step to the
transformation of the cubic a’ phase into the tetragonal 3
phase on cooling, and the maximum to the decomposition
into the a and a’ phase, in accordance with our phase dia-
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FIG. 4. Magnetic susceptibility X as a function of tempera-
ture for samples of composition V,ZrH,.

gram. For x=1.22, the maximum has completely disap-
peared since for this concentration, the decomposition
temperature has dropped to about 150 K. In principal,
some additional structure should now be expected at this
lower temperature. However, since we are very close to
the low-temperature phase boundary xy,=1,3, the decom-
position can have only little effect and thus remains un-
detectable.

VI. DISCUSSION

It was a major goal of our experiments to induce
changes in the electronic density of states in V,Zr by add-
ing hydrogen and to observe their effects on the electronic
properties of this material. Our intent was to do this in a
quasicontinuous way of changing the hydrogen concentra-
tion x in small steps. However, it turned out that at low
temperatures, this was impossible because of the decom-
position of V,ZrH, into V,Zr and V,ZrH, ;. So, informa-
tion on the electronic properties at low temperatures can
be provided for these two components only.

V,Zr has already been discussed extensively in Ref. 3.
Here, let us briefly summarize our results for V,ZrH, 3
and contrast them with those for cubic V,Zr: V,ZrH, ; is
not superconducting above 2 K (cubic V,Zr: T,=38.7 K).
Its coefficient of the electronic specific heat, ¥, is about
3.2 mJ/k?g-at., which is smaller by a factor of about 7
than in cubic V,Zr (y ~23 mJ/K?g-at.). At 10 K, the
value of the magnetic susceptibility X is 1.8x107*
emu/g-at. [cubic V,Zr: X(10)~3.9x10~* eu/g-at.].
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Around 200 K, V,ZrH, ; transforms from the cubic into a
tetragonally distorted phase with ¢ /a ~0.992. This phase
transition is accompanied by a decrease in X of about
0.2 10~* emu/g-at.

From the experimental result for ¥, one can estimate
the value of the electronic band-structure DOS at the
Fermi level, N(0), via the relation y=(14+A)N(0)
x2m?k3 /3. As will be outlined below, for V,ZrH, ; the
influence of spin fluctuations should be negligible and A
can be identified with the electron-phonon coupling
strength. Since T, <2 K in this compound, A cannot
exceed 0.4 by much if the Coulomb interaction u* is as-
sumed to be ~0.1. As a first guess we assume A~0.4
which leads to N (0)~37 states/spin Ry unit-cell. Thus,
compared to its value in V,Zr (~110 states/spin Ry unit-
cell),> N (0) is lower by a factor of 3. It is tempting to
interpret this within a rigid band model on the basis of the
band-structure calculations of Refs. 1 and 2 performed for
V,Zr. In these references, a wide valley slightly above Ep
has been predicted for the electronic DOS, its value fluc-
tuating around 50 states/spin Ry unit-cell. If the absorbed
hydrogen atoms are assumed to deliver their electrons to
the conduction bands of V,Zr, the total number of elec-
trons per unit-cell (which contains fwo formula units) will
be increased by 2.6 and Ej shifted into the valley, thus ex-
plaining the lowering of N (0) in V,ZrH, 3.

The large decrease of N (0) is also reflected in the mag-
netic susceptibility X which at low temperatures is
lowered by more than a factor of 2. This regards the total
susceptibility which consists of a spin contribution X; and
an orbital contribution X,. Since X is generally less sensi-
tive of changes in N (0), the effect on X, should be even
larger. One may obtain a guess on X, from the estimate
for N (0) by use of the relation X, =2u%N (0)S, where the
Stoner enhancement factor S is defined through
S =1/(1—-N(0)U). Assuming U to be unaffected by hy-
drogenating and equal to ~0.5X 10~2 Ry (value for cubic
V,Zr, see Ref. 3), from N(0)~ 37 states/spin Ry unit-cell
we find X; ~0.4X 10~* emu/g-at. which is about one fifth
of the value in V,Zr (2.1X 10~* emu/g-at.).3

Let us turn to superconductivity. As has been dis-
cussed in Ref. 3, for V,Zr there are strong indications that
superconductivity is affected by spin fluctuations. It was
our hope to get more insight into these physics by induc-
ing small changes in N (0) through hydrogenation. How-
ever, the smallest feasible change in N (0) was a decrease
to about one third of its initial value, leading to a very dif-
ferent system. There, because of the low value of the spin
susceptibility X, the influence of spin fluctuations can
safely be assumed to be negligible, but at the same time,
the electron-phonon coupling strength A has been lowered
from somewhere between 1.4 and 2.4 (theoretical esti-
mates for A in V,Zr, Refs. 1 and 2) to a value of 0.4 or
even less.

A final remark regards the large isotope effect in
V,Z, sHf, sH, (D,) reported in Ref. 10. For the
V,ZrH, (D,) system, such an effect can indeed be
predicted: According to Ref. 7, in the deuteride the phase
boundary x is close to 1 whereas in the hydride we found
xo~1.3. Now, for x somewhere between 1 and 1.3,
V,ZrH, decomposes into V,ZrH;3; (T,<2 K) and
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V,Zr (T,=8.7 K) whereas V,ZrD, represents already a
homogeneous solid solution of deuterium with low or van-
ishing T,.. If T, is measured inductively (as was the case
in the measurements of Ref. 10), even small portions of
V,Zr may still feign bulk superconductivity, and for x
within the range between ~1 and ~1.3, the hydride ap-
pears to be a bulk superconductor with T, =8.7 K in con-
trast to the deuteride with T, <2 K. Since in many
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respects, the V,Zr system is very similar to the
V,Zr, sHf, s system, our explanation of the isotope effect
is likely to hold for this latter case, too.
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