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Magnetic field dependence of the electronic specific heat of TiBe2.
An estimate from magnetization data
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An estimate of the variation with magnetic field in the electronic specific heat of TiBe2 is

given. From the thermodynamic relationship QS/8H -8M/8T and from M-vs-T data it fol-

lows that C/T (at T & 2 10 should remain constant within 0.2% for 0 ~H ~ 40 kOe. A further

increase in H up to 70 kOe should cause C/T to drop by about 10%. This is in fair agreement

with recent experimental results for C/T(70 kOe) —C/T(0). The origin of the drop in C/T is

still uncertain. Paramagnon theory gives no satisfactory fit of the high-field data.

Several experimental studies of the effect of mag-
netic field on the electronic specific heat of exchange
enhanced paramagnetic metals and compounds have
been made recently' in the hope of gaining more
information on the much debated subject of spin fluc-
tuations. '

In that context, Beal-Monod pointed out that a fi-
nite variation of the electronic specific heat C will be
found if the second derivative of the magnetization
M with respect to temperature is nonzero, and con-
versely. Whatever causes M and C to vary, the rela-
tion

8' 8(C/T)
9T2 QH

must hold, as it follows directly from thermodynam-
ics. Hence, in principle, measurement of M(H, T) or
C (H, T) alone should suffice. However, the experi-
mental difficulties in measuring M or C differ and
depend on the values of H and T.

It was noticed by Beal-Monod that the available ex-
perimental data for some strongly paramagnetic sub-
stances, e.g. , Pd and LuCo2, are not consistent with

Eq. (1).
TiBe2, seemingly a well-behaved compound, may

be viewed as an ideal material for testing spin-
fluctuation models. ' In Ref. 10 we showed that
below 3.5 K the increase in the low-field susceptibili-

ty with increasing temperature is well described by
the formula X(T)-X(0)(1+a T') in agreement with

the paramagnon model. " For 0 0, a 6x 10
K 2. Considering that figure for a, and using Eq.
(1), Beal-Monod predicted a relative increase of 5% in

y-C/T(T 0) between H=0 and H-70 kOe. s

Subsequent specific-heat experiments carried out in

Los Alamos confirmed that TiBe2 may be described
in the paramagnon model. However, the variation of

C with magnetic field did not come up to the expec-
tations. Depending on the sample used, the low-
temperature specific heat was observed to decrease by
1 to 4% in 70 kOe. This lack of reproducibility, to-
gether with the discrepancy between the sign of
82M/8T' and that of 8C/8H was interpreted in Ref.
5 as evidencing the presence of a magnetic impurity
phase (in different amounts in each of the samples).
The specimen with the largest susceptibility ("sample
2," X = 9.5 x 10 s emu/mole) was thought to be the
less pure.

There is a simpler and —as regards the TiBe2
samples —restoring explanation. It is known that M
decreases when T increases, provided that a field
higher than about 40 kOe is applied. '0 Thus 8 M/8T
and 8(C/T)/8H may have the same sign in high
fields. Clearly, M and C, as well as their partial
derivatives, are to be viewed as functions of T and
H. ' Hence, at a fixed temperature To, we obtain

C(H) C(0) tH 8'M(T = T,,H)
To To 0 8T

(2)

By making the assumption that the low-temperature
magnetization of TiBe2 varies proportionally to T'
also in high fields, it may be deduced from earlier
X(H, T) data' "' that 8'M/8T between 40 and 70
kOe has the right order of magnitude to account for
the measured negative variation with field of C/T. s

One aim of the present experiments was to verify
this by measuring directly M vs T in a high field,
bearing in mind that beyond a formal check of ther-
modynafnics the physica1 interpretation of the
M(H, T) data is still a challenging problem. Using
the moving sample method we measured M(55 kOe)
between 1.4 and 25 K. Measurements were made on
two samples: the TiBe2 5-mm-diameter sphere (sam-
ple A) used previously'0 "and an irregularly shaped
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7-mm-long piece (sample B) of the ingot from which
a fragment (precisely sample 2 of Ref. 5) was taken
for the specific-heat experiments.

It is seen in Fig. 1 that the low-temperature mag-
netization of samples A and B at 55.1 kOe differ by
only 0.7%. The zero-field susceptibility obtained
from Arrott plots (not shown) '0 is the same for both
samples, within 1% [g(4.2 K) =9.78 x 10 '
emu/mole for sample B]. The sensitivity of the mag-
netometer shows a weak dependence on the shape
and on the size of the specimen. This would correct-
ly explain the small discrepancy.

The moderately precise data shown in Fig. 1 were
fitted to the expression M(T) = M(0) +AT". The
best correlation was found for n = 1.85 (sample A)
and n -2.25 (sample B). It is likely that more pre-
cise data would follow a T law at low temperatures
for both samples. Taking n =2, we find 8'M/8T~- —2.86 emu/mole K~ for sample A and —2.79
emu/mole K' for sample B, at 55.1 kOe.

Shown in the insert of Fig. 1 is the variation with
temperature of the susceptibility (M/H) at 0.5 kOe
(Ref. 10) (curve a) and 55.1 kOe (curve b, from two
sets of data). Strong deviation from a T' law

(dashed curves) is observed for T & 4 K, at both
fields. At 55.1 kOe, 8~M/8T~ goes to zero near 10 K.

The measurements shown define only two points
of the 8'M/8T' vs H curve. More points were deter-
mined by using two previously measured magnetic
isotherms (M vs H) for sample A at 1.45 K (Ref.
10) and 4.17 K (25 (H ( 69 kOe). Assuming a Ti
law (which is not quite correct in that temperature in-
terval), 8~M/8Ti was calculated from M(1.45 K)
-M(4.17 K) at several values of H. This is shown
in Fig. 2.

At 55 kOe the uncertainty in M is about 0.2%, cor-
responding to a relative error of about 12% in
M(1.45 K}—M(4.17 K), whereas the uncertainty in
T(f 10 mK) is reflected in a mere + 1% error in
8~M/8T~. Thus the values of 8~M/8T' at 55 kOe
obtained frbm M(1.45 K) —M(4.17 K) and from the
data shown in Fig. 1 agree, within experimental er-
ror, for sample A. Since, in addition, there is no sig-
nificant difference between the data for samples A
and B in Fig. 1, all the points in Fig. 2 were taken to-
gether to define a 8'M/8T~ vs H curve, irrespective
of the sample or of the method used.

Even at low field (5 kOe), the data in Fig. 2 clearly
deviate from the straight line defined by H8'X/8T~
(H 0), which is Baal-Monod's approximation. s

(See also Fig. 3 of Ref. 10 from which the point at 5
kOe was taken. } From Eq. (2) the area under the
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FIG. 1. Magnetization as a function of T for TiBe~ in a
field of 55.1 kOe. ~, sample A; 0, sample B. Insert, varia-
tion with temperature of the susceptibility of sample A at 0.5
kOe (Ref. 10) (curve a) and at 55.1 kOe (curve b). At 55.1
kOe the data above and below 4.2 K were not taken with
the same apparatus.

FIG. 2. Second derivative of the magnetization with
respect to temperature as a function of field for TiBe~ at low

temperature, obtained under the assumption that
M(T, H) M(O, H) —A (H)T~. ~ from Ref. 10; k from
M(1.24 K) —M(4.17 K) data; 0 from Fig. 1. The area
under the curve yields the estimate of the variation of C/T
with field.
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curve 8 M/8Ti vs H yields directly the variation of
C/T with H. We thus find by graphical integration
up to 70 kOe, hy/y = [C/T(70 kOe) —C/T(0) ]/
[C/T(0) ] = —0.10 + 0.02 at low temperature. It
comes out that, within 0.2%, C/T(40 kOe) = C/
T(0). The uncertainty in hy/y at 70 kOe would be
significantly larger if we would not assume that M vs
T follows a T law up to 4 K at high field. Taking,
for, example an empirical T" law would result in a
decrease by about 40% in the value of [8tM/8T'~ at
2 K. the calculated M vs T curve would still fit in
well with the data for 1.4 ~ T ~ 4 K. This might
partly explain the discrepancy between the above
result (hy/y((70 kOe) =10% and the experimental
value (3—4%).

In Ref. 5, hC/T(H) was found to be sample
dependent. This may be tentatively explained by no-
ticing that a TiBe2 specimen with a lower susceptibili-
ty showed only a small increase in X with increasing
H. 'i A corresponding reduction in 8tM/8Tt is ex-
pected. In other words, curve b in the insert of Fig.
1 would flatten out.

An indication about the variation of C/T(H) in

higher fields is given by Fig. 2. It is seen that
8tM/8Tt starts decreasing above 55 kOe. This is
confirmed by earlier M(4.2 K) —M (1.24 K) data ex-
tending up to 213 kOe (not shown). " Hence
C/T(H) should tend to saturate slowly. A similar
tendency was observed for LuCo2. '

At this point the following conclusions can be
drawn: (i} There is formal agreement between the
M (H, T) and C (H, T) measurements for TiBet. Ob-
viously, the same must be true for Pd (Ref. 15) or
LuCot, as further experiments should show. (ii) The
compound TiBe2 can be prepared in a reproducible
way and there is no evidence of a magnetic impurity
phase. This is confirmed by recent magnetization
measurements of a series of dilute TiBe2 „Cu„com-
pounds. ' The zero-field susceptibility data for

(3)

This is unfortunately not observed here, for
H ) 10 kOe, as seen in Fig. 2. Obviously, the step
in 8'M/8T' at H = 50 kOe cannot be fitted to Eq.
(3). At the same field, 8M/8H shows a pronounced
peak. '

To summarize, we find agreement between
C(H, T) and M(H, T) data for TiBet. There is no
evidence of the presence of magnetic impurity phases
in the samples, which can be prepared in a reproduc-
ible way. As to the interpretation of the high-field
data, spin-fluctuation models ' seem inadequate. It
appears safe to conclude with Enz' that the TiBe2
problem is not completely solved.
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x & 0.03 (four samples) show very little dispersion

and confirm that the susceptibility of TiBe2 is X

(H =0, T =0) = (9.7+0.1) x 10 ' emu/mole (Ref.
10)]. This value is close to the susceptibility reported
in Ref. 5 for sample 2 which had the highest suscep-
tibility, the best resistivity ratio [R (300 K)/
R (4.2 K) = 110], and the largest low-temperature
specific heat. The latter varied most strongly with

magnetic field. Hence it would seem that sample 2 is
the more characteristic of pure TiBe2.

We wish to stress that no satisfactory physical ex-
planation for the awkward shape of 8 M/8Tt vs H
(Fig. 2} and for the corresponding C (H) data' '6 is
available. In a recent extension of the paramagnon
model to finite fields, Beal-Monod and Daniel' ob-
tained for 8'M/8T an expression of the form

9M =aH+bH +
8T2
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