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Suppression of spin fiuctuations in TiBe2 by high magnetic fields
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Measurement of the low-temperature specific heat of a well-characterized 15.6-mg sam-

ple of TiBez was performed in magnetic fields of 0, 6.5, 11.4, 14.2, and 17.0 T. The results

indicate a striking depression of the spin-fluctuation-caused upturn with increasing field in

the lower-temperature specific heat and very little change at higher temperatures where the

spin fluctuations are less predominant. A field for full suppression of the spin fluctuations

is extrapolated to be above about 25 T. The field at which the onset of spin-fluctuation

depression occurs is 5.2+0.3 T, suggesting that the previously observed anomahes in the

susceptibility and differential susceptibility of TiBe2 at 5.5 T are connected to the onset of
the depression of spin fluctuations. Furthermore, this onset of spin-fluctuation depression

at 5.2+0.3 T coupled with the extrapolation to full suppression above 25 T serves to unify

the interpretations of previous data on TiBe2 by Wohlfarth, by Acker et al. , and by van

Deursen et al. which were previously thought to be in contradiction.

I. INTRODUCTION

The magnetic properties of TiBe2 have been a
source of controversy since the claim by Matthias
et al. in 1978 that TiBeq is an itinerant antifer-
romagnet. Wohlfarth predicted that TiBe2 would

undergo a first-order transition to a ferromagnetic
state in a field later stated to be only 5.8 T based
on magnetization data of Monod et al. This
metamagnetism proposal of Wohlfarth has recently
received at least partial support from theoretical
band-structure considerations coupled with the de
Haas —van Alphen data of van Deursen et al.
Acker and co-workers, however, have interpreted
their magnetization data in fields to 21 T and
that of Monod et al. as evidence for exchange-

enhanced paramagnetism or spin fluctuations in
TiBe2. This was seen to be in direct disagreement
with the work of Wohlfarth and also with the
claim of van Deursen et al. of ferromagnetism in

TiBei in fields above 15 T.
Stewart et al. have recently measured the specif-

ic heat of TiBe2 at low temperatures in 0 and 7 T
and found convincing evidence of spin
fluctuations —the T lnT/TsF temperature depen-
dence in the specific heat that is characteristic ' of
spin fluctuations. They also saw no evidence of a
first-order transition at 5.8 T, However, the rela-
tively low (7 T) applied field used was insufficient

to observe a change in the low-temperature specific
heat (LTSH) of more than 4% in TiBeq. In order to
trace the variation of the LTSH with field, predict-
ed" to go as H, and to investigate the claim of fer-

romagnetism at 15 T by van Deursen et a/. , we

have measured the LTSH of a sample of TiBe2 in

0-, 6.5-, 11.4-, 14.2-, and 17.0-T fields.

II. EXPERIMENTAL

For a complete description of how the LTSH was

measured in high fields, the reader is referred to
Ref. 12, where Stewart, Cort, and Webb describe
how they succeeded for the first time in measuring
LTSH in a normal-state Bitter-type magnet in fields
to 18 T. The apparatus used in the present work is
identical, except that temperature in the present
work was measured with an encapsulated carbon-

glass thermometer. Its magnetoresistance was
corrected for using published data. ' This pro-
cedure was checked at the end of the measurements

by admitting He exchange gas into the vacuum can,
ramping the field up to 6.5, 11.4, 14.2, and 17.0 T,
and measuring the magnetoresistance of the partic-
ular encapsulated carbon-glass thermometer used in
this experiment. The maximum error in tempera-
ture in the present experiment caused by the ob-
served difference between the median published
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value' for the magnetoresistance of carbon-glass
thermometers and the actual value of magnetoresis-
tance observed for the carbon-glass thermometer
used was less than 0.1 K at the highest field.

In addition, another check on accuracy was per-
formed by measuring the LTSH of a 212-mg sam-

ple of high-purity Ge in these same fields at several
temperatures and comparing the results with pub-
lished' results in zero field. This mass of Ge was

chosen to give approximately the same LTSH at 10
K as the sample of TiBe2 (15.6 mg). The results of
measuring the high-purity Ge standard in 17.0 T at
T=8.34, 11.07, and 13.62 K were Ge "'/Ge (Ref.
14) =0.989, 1.003, and 0.999, respectively. Thus,
the data presented here for TiBe2 in applied mag-
netic fields may be viewed as accurate to better than
+3%.

The sample used in the present work was the
15.6-mg sample labeled "sample 2" in previous
work, with a residual resistivity ratio, R (300
K)/R (4 K), of 110. The previous work raised some
question about minor impurities affecting the field
behavior of the LTSH of sample 2. However, since
sample 2 has a significantly larger LTSH response
to a 7-T applied field, it was the choice for mea-
surement. Later work will measure the high-field
LTSH response of sample 1 of the previous work.

III. RESULTS AND DISCUSSION

The LTSH data for TiBe2 in 0, 6.5, 11.4, 14.2,
and 17.0 T are shown in Fig. 1 and tabulated nu-

merically at the five temperatures of field measure-

ment in Table I. As may be seen in Fig. 1 and

Table I, there is a substantial decrease of the LTSH
in field at lower temperatures (19% in 17 T at 5.05
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FIG. 1. Low-temperature specific heat of TiBe2 in 0,
6.5, 11.4, 14.2 and 17.0 T. Zero-field data are the filled
circles; field data monotonically decrease with increasing
field and are represented by a series of horizontal lines.
Only the 17-T-field point is shown at T'=238 K . See
Table I for numerical values. Straight line shown is an

extrapolation of the higher-temperature data where the
spin fluctuations have died away. This extrapolation is

used at lower temperatures to approximate where the
depression of spin fluctuations would saturate. This
percent decrease at saturation is used in Fig. 2.

where p' contains the lattice contribution as well as
a spin-fluctuation contribution, —lnTsF, as is dis-

cussed in Ref. 8. The T lnT/TsF temperature
dependence of the LTSH data in Fig. 1 and A, ,)0

K) which becomes less pronounced as temperature
is increased (2% in 17 T at 15.42 K).

The zero-field LTSH data in Fig. 1 may be fit to

—=yo(1+A, , )+p'T +5T InT,
C

TABLE I. C/T (mJ/mole K ) data for TiBe~ vs magnetic field. These data have a pre-
cision of approximately +1%. All these data were taken on the high-field sample platform
described in Ref. 12. The agreement of the zero-field data taken on this platform in the
present work with that taken on another platform in Ref. 8 is better than 2% except at
T=10.262 K, where the data on the high-field platform is about 4.5% higher compared to
that of Ref. 8. The computer fit to the zero-field data in Ref. 8 is in fact about 2 jo higher
than the data at this temperature. Thus, the correct value of C/T at 10.262 K is probably
midway between the number quoted here and the number obtained in Ref. 8. .

Field (T)
T (K)

5.051
7.722

10.262
12.971
15.420

54.47
51.35
51.43
48.96
47.99

6.5

52.81
50.03
50.54
48.61

11.4

47.51
46.16
48.22
48.05

14.2

45.35
44.74
46.97
46.71

17.0

43.89
43.67
45.71
46.16
47.07
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are associated ' with the existence of spin fluctua-
tions. It is this spin-fluctuation contribution which
causes the upturn in the C/T-vs-T plot of Fig. l at
lower temperatures. The trend in the field data is
clearly the depression of this spin-fluctuation con-
tribution with increasing field. At higher tempera-
tures, where this contribution is less predominant,
i.e., where T~ TsF, the amount of decrease in field
is much reduced.

The question arises, when will the response of the
LTSH to field saturate. The percent change in

specific heat with applied field at the five tempera-
tures is shown in Fig. 2. Clearly the change is
much slower than H . The saturation field may be
reasonably inferred to be that which decreases the
LTSH to the value given by the extrapolation of the
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FIG. 2. Percent change in the specific heat is shown

as a function of applied field at five different tempera-
tures. Clearly the field dependence of the specific heat
does not follow a simple H law. Curves drawn are ar-
bitrary and merely shown to connect the data. The
low-field, zero-change intercept shown is around 5 T, al-

though the data do not rule out an asymptotic approach
to zero change at fields below 6.5 T. Horizontal lines
drawn are the percent decrease at saturation, or com-
plete spin-fluctuation suppression, at the four lower tem-

peratures as discussed for Fig. 1. For T=10.26 and
12.97 K, a straight-line extrapolation fits the percent
change of the data vs field. Intercepts of these straight
lines give a predicted saturation field of 23.5 and 27.5 T,
respectively. At the two lower temperatures, the percent
change at the higher fields is clearly not linear. Thus,
the correct saturation field is higher than that given by
the straight-line extrapolation to the respective satura-
tion levels shown and may be more correctly given by
the arbitrary curves drawn to pass through the points.
This procedure for determining the field at which the
depression of spin fluctuations would saturate gives an
approximate result of saturation at or above 25 T.

high-temperature data shown in Fig. 1. Although
the extrapolations shown in Fig. 2 are somewhat ap-
proximate, it appears that the saturation field is
above about 25 T. This is consistent with two esti-
mates of the spin-fluctuation temperature TsF for
TiBe2 made recently, one by Giorgi and Stewart' of
22+4 K and one by Stewart et al. of 50+25 K.
This is because, as pointed out by Brinkman and

Engelsberg, ' if a magnetic field of strength

»ksTsp/gljs (or H)0. 74TsF for g=2, »n
tesla and TsF in kelvin) is applied to a spin-
fluctuation material, the Zeeman splitting of the
spin-up and spin-down band energies is large
enough to quench the spin fluctuations.

Another feature of Fig. 2 is that there is no
measurable LTSH response to a field below 5.2
+0.3 T. This field is where the peak in g vs H oc-
curs in TiBe2 and where a rather substantial peak
in the differential magnetic susceptibility occurs in
TiBe2. Thus, it is tempting to attribute these previ-
ously observed anomalies at 5.5 T in the susceptibil-
ity to the onset of the suppression of spin fluctua-
tions. Thus, above this field, the spin fluctuations
are gradually depressed, and therefore their contri-
bution' to the magnetic susceptibility starts to de-
crease, implying a monotonic decrease in the sus-
ceptibility above about 5.5 T—as is observed. Since
this depression of the spin fluctuations in TiBei is
caused by the field splitting of the spin-up and
spin-down bands, in energy, the state of the TiBe2
above S.5 T may in fact be called, by definition,
"ferromagnetism. " However, this transition into
the spin-aligned or ferromagnetic state is quite gra-
dual and is not complete until the bands split fully
enough apart so that interband thermal promotion
does not occur, at an applied field above approxi-
mately 25 T.

Can this explanation of the behavior of TiBeq
also be applied to TiBe2 Cu„~ For x g0. 16,
TiBe2 „Cu„ is ferromagnetic with, however, no sa-
turation in fields to 21 T and no hysteresis or rem-
nance in its magnetization behavior. Specific heat
shows the presence of spin fluctuations equally in
TiBei sCuo 2 as in TiBe2 (the data for ferromagnetic
TiBe~ 8Cup 2 overlaps within 2%%uo of those shown for
pure TiBe2 below 22 K in zero field in Fig. l).
Thus, TiBe2 „Cu„ is not simply TiBe2 displaced in
behavior from TiBe2 by an internal field of 10 T
(the separation of the parallel I-vs-8 curves ) as
suggested by %ohlfarth. Otherwise, the spin fluc-
tuations would be depressed in TiBe] SCup 2 from
pure TiBe2. A consistent picture must therefore in-
clude at least two different bands in TiBe2 Cu,
with one band responsible for the spin fluctuations
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of strength equal to that observed in TiBe2 and
another band fully split by the addition of Cu into
spin-up and spin-down subbands, leading to the ob-
served ferromagnetism. The suggestion that only a
small fraction of the electrons at the Fermi energy
take part in ferromagnetism in TiBei &Cuo 2 has al-

ready been proposed.
Another means of plotting the field data is shown

in Fig. 3, where the percent change in the LTSH is
plotted at constant field versus temperature. Thus,
Beal-Monod's prediction' that the field dependence
of the LTSH of TiBe2 would increase at lower tem-

peratures (although not borne out at 7 T; see Fig. 3
and Ref. 8) is clearly correct at higher fields.
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IV. CONCLUSIONS

The LTSH of TiBe2 in fields to 17 T shows clear-
ly the partial suppression of spin fluctuations. The
lack of any significant decrease of the LTSH in 17
T from the zero-field values at higher temperatures
calls into question the interpretation of previous
LTSH work' on Pd in fields to 11 T, where a de-
crease in field of the LTSH independent of tem-
perature (0.2 to 11 K) is assigned to spin-fluctuation
effects.

The depression of spin fluctuations in TiBeq
should be complete above about 25 T, consistent
with earlier estimates of the spin-fluctuation tem-
perature of 22+4 K (Ref. 15) and 50+25 K. This
observation of depression of the spin fluctuations,
caused' by the splitting in energy of a spin-up and
spin-down band by an applied field, serves to unify
the different views and experiments of
Wohlfarth, ' Acker et al. , Monod et al. , and
van Deursen et al. on TiBe2 which were previously
thought to be in contradiction. ' Thus, the sugges-
tion by Wohlfarth ' of a ferromagnetic state in
TiBe2 for H & 5.5 T is correct, with the clarification
that (1) this ferromagnetic state is not possessed of
the properties of the usual ferromagnet, and (2) the
transition to this spin-aligned state is not complete
until well beyond 21 T where data have been ob-
tained. The observation of band splitting (2.6 mRy
in energy) in the de Haas —van Alphen data of van
Deursen et al. above 15 T, which was interpreted
as showing that TiBe2 is in a ferromagnetic state in
fields above 15 T, is also consistent with our results.
Finally, the claim by Acker et al. that paramag-
nons or spin fluctuations persist in TiBe2 up to 21 T
is again consistent with our results, and with the
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FIG. 3. Percent change in the specific heat at a given
field is plotted vs temperature. These data show clearly
that, at fields above 6.5 T, the specific heat responds
more to field at the lower temperatures. This supports
the assignment of this decrease as being due to the
suppression of the spin-fluctuation term in the specific
heat which becomes more important at lower tempera-
ture. Curved lines drawn for 6.5 and 11.4 T are arbi-

trary. It is likely that the percent change in the 14.2-
and 17.0-T fields would curve over at lower tempera-
tures below the straight extrapolations shown. If not,
then the possible trend shown in Fig. 2 of the saturation
field decreasing with decreasing temperature may in fact
be true, since a 28% decrease at T =0 in the LTSH at
17 T corresponds quite closely to the extrapolated sa-
turation C/T value at T=0 in Fig. 1.

data and interpretations of Wohlfarth and of van
Deursen et al. , because our work has shown con-
clusively that both spin fluctuations and a spin-
aligned (ferromagnetic) state exist in TiBe2 between
5.5 and 25 T applied field.
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