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The low-temperature specific heat at magnetic fields of 0 and 7 T, dc susceptibility, and resis-
tivity data for two samples of TiBe, oo and one sample of TiBe, 9400 s are presented. The tem-
perature dependence of the low-temperature specific heats of all three samples of TiBe, is found
to include an important 7°%In7T term, confirming that spin fluctuations are present in TiBe,, the
first metal besides UAl, where such a T3InT term has been found. Evidence for a magnetic im-
purity present in one of the two pure TiBe, samples is inferred from the measurements and
confirmed by the same measurements on the sample with oxygen intentionally added. The im-
purity is thought to increase the low-temperature susceptibility, shape the resistivity, and cause a
3% decrease of the low-temperature specific heat in a 7-T field at lower temperatures. At higher
temperatures in the impure samples, and at all temperatures in the purer sample of TiBe,, there
is no change from the zero-field values in the specific heat to £1% in a 7-T field, in contradic-
tion to the theoretical prediction of Béal-Monod. These field results are discussed with respect
to the recent measurements of the low-temperature specific heats in a field of Pd and LuCo,.
Previous low-temperature specific-heat results on TiBe, o¢ and TiBe; 79Cug 5; are also discussed.

1. INTRODUCTION

Since the claim by Matthias et al. that TiBe, is an
itinerant antiferromagnet,’-2 extensive work has been
done on TiBe,. The original interpretation of the
magnetic susceptibility as evidence of antifer-
romagnetism is now believed to be incorrect.?
Succeeding measurements of TiBe, have revealed
properties like those of Pd, a strongly enhanced
paramagnet. The fact that TiBe,_,Cu, was later
discovered* to be an itinerant ferromagnet for
x 20.16 has made this field of research both richer
and more complex. Any view of the magnetic
behavior of TiBe, must take into account the similari-
ties to the behavior of TiBe,;—,Cu,.

By combining low-temperature specific heat
(LTSH), magnetic susceptibility, resistivity, and x-ray
measurements on three samples of TiBe,, the present
work attempts to reduce the number of conflicting
explanations still being proposed to explain the
disparate properties of TiBe,: Antiferromagnetism,’
strongly enhanced paramagnetism (spin fluctua-
tions),>%~® and metamagnetism.>'? As will be seen
below, the LTSH data in zero field on the three sam-
ples of TiBe, give fairly conclusive evidence for the
spin-fluctuation description. By measuring the LTSH
in a 7-T field on these samples, not only will a test be
made of Béal-Monod’s prediction® of a 5% increase
for v, the linear term coefficient of the LTSH, of
TiBe, in 7 T, but also an important caution will be
raised concerning the recent studies of the LTSH of
other materials in magnetic fields and the description
of those results by invoking spin fluctuations. Final-
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ly, a somewhat radical view of the magnetic behavior
in TiBe,_,Cu, will be put foward based on the
present work on TiBe,.

This paper has been divided into six sections. The
experimental section discusses the preparation of the
three samples, their lattice parameters, and their resi-
dual resistivity ratios. In addition, four improve-
ments in the measurement of low-temperature specif-
ic heats over the earlier work are described. The
results section, Sec. III, discusses the low-
temperature susceptibility, resistivity, and specific-
heat data with attention given to impurity effects.
The low-temperature specific heats of the samples in
a 7-T field are compared with a theoretical prediction
and with recent measurements of the low-
temperature specific heats of Pd and LuCo, in mag-
netic fields. Section IV discusses the temperature
dependence of the specific-heat data for the three
TiBe, samples using least-squares computer fits in
light of spin-fluctuation theory. A spin-fluctuation
characteristic temperature is derived. Section V then
discusses previous low-temperature specific-heat data
for TiBe, o and TiBe; 79Cuq,; in light of the present
work.

II. EXPERIMENTAL

Sample preparation techniques for TiBe, have im-
proved since the original work.!">*11 Although arc
melting of the pure elemental components is still
used, the weight loss originally observed has been
much reduced, both by starting with bulk Ti metal in-
stead of Ti powder and by the experience concerning
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weight losses gained in previous work. Whereas the
arc-melted bead of TiBe, from which a piece was
measured in the first LTSH study actually had a
stoichiometry of TiBe, s (due to an overcorrection
for the expected weight loss of Be in arc melting),
the two TiBe, arc-melted beads, from which samples
were taken for the present work, had an overall com-
position of TiBe, g9, based upon final weights. The
purity of the starting materials for these two samples
was quite good —Fe (25 at. ppm) and Al (30 at. ppm)
were the predominant metallic impurities. X-ray
fluorescence on the actual samples measured con-
firmed qualitatively (to 100 at. ppm) the absence of
any increase in impurities heavier than Si in the arc-
melting and annealing processes. A third sample was
prepared with oxygen intentionally added via TiO
powder to the melt to give TiBe; 940¢0s. All samples
were wrapped in tantalum foil, sealed under a helium
atmosphere in a quartz tube, and annealed for 60—90
hours at 900° C. The residual resitivity ratios
(RRR), p(300 K)/p(4 K), and lattice parameters for
the three samples are given in Table I. Since TiBe,
forms over a very limited homogeneity range,'? the
range of lattice parameters for the C15 structure
TiBe, samples is quite small. Based on metallogra-
phy, samples 1 and 2 have a few volume percent
(2-3) of TiBe,, where x =3, as, in fact, do all arc-
melted specimens of TiBe,. Based on microprobe
and gross optical observation of the distribution of
TiBe, in samples 1 and 2, the piece of sample 1
chosen for LTSH measurements had the composition
TiBe, o +91, Whereas the corresponding piece of sam-
ple 2 was probably closer to stoichiometry. Since
LTSH measures the bulk properties of a material,
these several percent of possible impurities (Ti and
TiBe,) will affect the LTSH data by less than 5%.
Sample 3 has not been examined metallographically,
but does have several faint x-ray lines corresponding
to less than 5 at.% BeO. Based on these lines and the
lattice parameter data it is apparent that less than the
added 5% of oxygen is in the C15 lattice.

The low-temperature small sample calorimeter has
been described elsewhere.!>!* In the original LTSH
work!! on TiBe,, several problems were present
which have been eliminated in the present work.
First, the size of the specific heat of TiBe, at low
temperatures is quite large, leading to excessive time
constants (35 sec) for the thermal response of the
size sample used (67 mg) in the previous work.!!
Therefore much smaller samples have been used in
the present work, ranging from 7.4 mg for the
TiBe; 940005 sample to 15.7 mg for sample 2. At the
lowest temperature of measurement, 1.4 K, the ad-
denda correction to the LTSH of all three samples
was less than 1.5%; at the highest temperature, 24.5
K, the addenda correction for the oxygen sample was
54%, and 35% for the other two samples. Since the
addenda contribution is known to better than +4%,

TABLE 1. Physical parameters for the TiBe, samples of the present work. Parameters for fits to the lower-temperature data, T? < 80 K2, are given in parentheses.

Tsp

Maximum error

No. of

Lattice

X(T=0)
(emu/mole Oe)

o

parameters (A)

600

500

of fit®

8 (mJ/mole K*InK)

points vy (mJ/mole K2?) €(mJ/mole K*)

RRR?

For ®p: 400

33
(23)

45

89
(38)

2.3%
(1.1%)
2.6%
(1.7%)

2.0%
(1.8%)

0.06563
(0.1247)

-0.2072
(—0.3692)

51.09
(52.67)

28
(13)

0.802 x 1072

@n

39

Sample 1

6.4538 £ 0.0004

TiBez.Oo

50
(56)

97
(101)

0.06724
(0.07408)

—0.2207
(—0.2556)

56.33
(56.86)

33
(15)

0.947 x 1072

(42)

110

Sample 2

. 6.4510 £0.0005

TiBemo

29
(20)

38
(24)

70
34)

0.0724
(0.1189)

—0.2208
(—0.3348)

29 37.88
(15) (38.68)

0.768 x 1072

15

6.4536 £ 0.0007

Sample 3
TiBey 940005

aDue to the presence of second phase in all three samples, the residual resistivity ratios cannot be used as an index to purity, as may be done for single-phase material.

b The maximum error of the fit is the largest deviation of fit from the data.
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the inaccuracy due to the addenda contribution to the
LTSH is no more than +4% at the highest tempera-
ture for the TiBe; 940005 sample and is negligible at
the lowest temperatures for all samples.

A second, minor problem encountered in the pre-
vious work!! was a slight “‘7,”” problem!’ arising from
poor thermal conductivity within the sample. This
was only a 2% correction to the LTSH at the lowest
temperatures and was negligible by 4 K. Due to the
smaller size sample used in the present work, this
‘“r,”’ problem was totally absent.

A third, more important problem is the accuracy to
which the thermal conductivity, K, of wires support-
ing the sample platform in the calorimeter is known
at temperatures below 2 K, where the total specific
heat C, is given by

Ctol = Csample + Cplatform addenda = K 7 (1)

and 7 is the thermal response time, or time constant,
of the sample plus platform. At temperatures below
2 K, it is difficult in the present calorimeter to mea-
sure K, since the temperature rise due to a known dc
input to the sample platform heater is partially ob-
scured by ac noise heating. This problem lessens as
the temperature is raised due to the increase in K and
the size of the heat input therefore being increased to
obtain a reasonable temperature rise. This increased
dc input then makes the ac component of the heating
negligible. In the previous work,!! a linear extrapola-
tion to K =0 at 7T =0 was made from T >2 K,
which could introduce several percent of error at the
lowest temperatures. For the sample platform used
in the present work (a lower addenda version of the
platform used earlier), the LTSH of a 500-mg piece
of high-purity Ge has been measured between 1.3
and 12 K. Since the specific heat of Ge is well
known and since the addenda contribution is small
for such a large piece, especially at the lower tem-
peratures, a thermal conductivity below 2 K can be
inferred from Eq. (1) that should be accurate to
+2%.

A fourth improvement in the measurement of
LTSH over the previous work is the addition of a
dedicated small computer to analyze all of the time
constant data from the signal averager rather than a
limited subset of these data as done previously.!3 14
This lowers the amount of scatter in the sample
specific heat. This will be apparent below when the
data in the present work are shown with those of the
previous work.

A four-probe ac technique was used to measure the
resistance of the three samples with a relative pre-
cision of 3 x10™*, The susceptibility was measured
from 1.4 to 300 K using a vibrating sample magne-
tometer in fields to 5.5 T.

III. RESULTS

The low-temperature susceptibility data at an ap-
plied field of 1.5 T for the three samples are shown
in Fig. 1. There is some scatter in such measure-
ments. Sample 1 has X(7 =0) of approximately
0.80 x 1072 emu/mole Oe, whereas Acker ef al. mea-
sured® a significantly higher value in their specimen
of TiBe,, X(T =0)=0.975 x 1072 emu/mole Oe.
Sample 2 of the present work verifies this sample
variation with X(7 =0) =0.95 x 10~2 emu/mole Oe.
Sample 3, with X(7'=0) =0.77 x 10~2 emu/mole Oe,
agrees well with the earlier work of Matthias et al. in
that most additions (except Cu) to TiBe, are found to
decrease X(T =0).

The behavior of X for T < 8 K in Fig. 1 for the
three samples is quite different. Sample 2 has essen-
tially a constant X for T < 8 K; sample 1 decreases
about 1% below 8 K; and sample 3 is intermediate in
behavior. In the work® of Acker et al., X decreases
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FIG. 1. Low-temperature susceptibility for the three
TiBe, samples. Note that the lowest curve for the
TiBe; 940005 sample is consistent with the decrease in sus-
ceptibility in TiBe, upon second atom additions, except Cu,
in Ref. 1. Also note that the susceptibility shown in the
upper curve for sample 2 is constant for T <5 K. The mid-
dle curve is for sample 1. These data were taken at a field
of 1.5T.
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0.9% from 4 down to 1.9 K. Acker et al. use their
very accurate X data below 3.3 K to obtain a T? tem-
perature dependence in support of their view of TiBe,
as a strongly enhanced paramagnet with paramagnons
or spin fluctuations. While our data are not as accu-
rate as that taken by Acker et al using a squid sus-
ceptometer, it is clear from Fig. 1 that the result of
T? temperature dependence at low temperature for X
is likely to be sample dependent.

The low-temperature resistances of samples 1—3
are shown in Fig. 2. The lowest temperature resis-
tance behavior of sample 1 is significantly different
from that of the other two. Both samples 2 and 3
have a T? temperature dependence over a limited
range above a change in slope, or ‘‘kink,’’ at about
T?=5 K2, below which one can also fit the data as
having T? temperature dependence. As is well
known, fitting a particular temperature dependence to
data over a limited range is nonunique. As seen in
Fig. 3, where the resistances for samples 1 and 2 are
shown to higher temperatures, the data have an ap-
proximate 7 InT behavior above the kink, rather than

RESISTANCE (arb units)

] | ]
0 5 10 15

12 (K?)

FIG. 2. Resistance at the lowest temperatures on an ex-
panded scale for the three TiBe, samples plotted vs T2
Note the kink at about 72=5 K2 for all of the samples.
Note also the non-T2 behavior for sample 1 (filled circles) at
the lowest temperatures. X’s are for sample 2; triangles are
for sample 3. The relative magnitude of the resistance of
each sample with respect to that of others is arbitrary.

RESISTANCE (arb units)

| |
0 50 100 150

TaT

FIG. 3. Resistance at low temperatures for samples 1
(filled circles) and 2 (X’s) plotted vs TInT.

T2. Thus these data show that the assignment of T2
temperature dependence between 2 and 3 K by Acker
et al. for their resistance data on TiBe; is a bit prob-
lematical. In addition, Fig. 2 of the present work
shows significant sample variation in the lowest-
temperature resistance behavior, with samples 2 and
3 being different than sample 1.

The low-temperature specific-heat data for the
three samples is shown in Fig. 4. The data for all
three samples have the same shape. Sample 3, with
oxygen added, has a significantly lower specific heat
due to a decreased density of states, which is con-
sistent with its lower susceptibility (see Fig. 1 ). The
LTSH of samples 1 and 2 are essentially identical at
higher temperatures; at lower temperature, sample 2
has a larger specific heat. This, coupled with the sus-
ceptibility data, is consistent with there being a mag-
netic impurity, perhaps an oxide of Ti, present in
sample 2 which is ordered at lower temperatures and,
therefore, has increased specific heat. This supposi-
tion also explains the constant X(7) for sample 2
below 8 K (see Fig. 1), as well as the significantly
larger X of sample 2 versus that of sample 1, 18%
larger at the lowest temperature. This is not to say
that sample 1 does not have a magnetic impurity
present, only that it has less. Since Ti has such an
affinity for oxygen, if the magnetic impurity is an ox-
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FIG. 4. Low-temperature specific heat for the three TiBe,
samples. Note the almost equal data for sample 1 (filled cir-
cles) and sample 2 (X’s) at higher temperatures. Note also
the significantly smaller specific heat for the TiBe 940¢ o5
sample (triangles).

ide of Ti, then it is likely that it is present in sample
1 also. The intentional addition of oxygen to sample
3 was meant to resolve this question. However, the
decrease in the specific heat due to the decreased
density of states has obscured the effect in the zero-
field specific-heat data. It is certainly true that the
oxygen in sample 3 has had a drastic effect on its
susceptibility, since, if the density of states for sam-
ple 3 is 30% less than that of sample 1 (as may be in-
ferred from Fig. 4), then so should the susceptibility
of sample 3 be 30% less than that of sample 1, at
least to first approximation. . Thus it is plausible that:
there is a magnetic impurity in sample 2 (or at least
more than in sample 1), the impurity contains oxy-
gen, and the susceptibility and specific heat of sample

2 are larger than those of sample 1 due to this impurity.

If there is such a magnetic impurity, the resistance
as a function of temperature should differ qualitative-
ly between the samples thought to have the impurity
(samples 2 and 3) and the sample (sample 1) thought
to have less or none of the impurity —as is the case.
In order to confirm the impurity as being magnetic,
as suggested by the low-temperature susceptibility
magnitude and shape, another measurement in a
field should be done. Since, additionally, Béal-
Monod has a prediction for the change of specific
heat in 7 T of TiBe, (+5%), such a measurement
was done.

The LTSH data for all three samplesin 0 and 7 T
are shown in Fig. 5 and expanded at the lower tem-
peratures in Fig. 6. We see that the supposition that
sample 2 has an increased specific heat over that of
sample 1 due to a magnetic impurity, is consistent
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FIG. 5. Low-temperature specific heat for the three
samples in 0 field (sample 1—filled circles; sample 2 — X’s,
sample 3 —triangles) and in 7 T (squares for all three
samples). Note that although the data show a slight
decrease in 7 T at lower temperatures for samples 2 and 3,
the data for both 0 and 7 T is identical for all samples at
higher temperatures, implying that the decrease in 7 T at
lower temperatures could be an impurity effect.
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FIG. 6. The low-temperature specific-heat data in 0 and 7
T from Fig. 5 is shown expanded for 72 < 80 K2. The de-
crease of the data in 7 T (shown as squares for all three
samples) at the lower temperatures is evident for samples 2
(upper curve) and 3 (lowest curve).
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with the LTSH field data. At lower temperatures
(Fig. 6), the LTSH of sample 2 decreases approxi-
mately 3 to 4% in 7 T, while at higher temperatures
the 0- and 7-T LTSH data (Fig. 5) are the same.
Also, to within 0.75%, there is no decrease in the
LTSH data in 7 T of sample 1 at all temperatures. It
should be noted that the precision, as distinct from
the absolute accuracy, of the present calorimeter is
approximately +1%. Thus the reader is cautioned
not to presume that the LTSH of sample 1 of TiBe,
decreases 0.75%, when in fact such a decrease is,
within the limits of the precision of the data,
equivalent to zero.

Two interpreations of this zero LTSH decrease in 7
T for sample 1 can be made. If there is no magnetic
impurity in sample 1, then this result is characteristic
of pure TiBe, and the prediction® of Béal-Monod of a
5% increase is incorrect. However, it should be
remembered that the low-temperature resistance of
all three samples has a kink, which may be associated
with an impurity. Such a kink has been seen!® in the
low-temperature resistance of TiRuP. The use of
oxygen-free Ti eliminates!® the resistance kink. Thus
the second interpretation of the zero decrease of the
LTSH in 7 T for sample 1 is that there is indeed im-
purity present and that there are two competing
effects —the predicted?® increase due to spin fluctua-
tions and the known decrease observed in samples 2
and 3 due to the supposed impurity.

It is impossible to distinguish between these two
interpretations. Perhaps higher-field LTSH measure-
ments, recently achieved!” for the first time at 18 T,
in fields high enough to saturate the impurity effect,
would show an increase, predicted® to go as H>.

A brief comment should be made on the recent
LTSH measurements in fields of 10 to 11 T on Pd
and LuCo,. Béal-Monod has predicted® from the
low-temperature susceptibility data, on very funda-
mental thermodynamic grounds, an increase in the
LTSH in field for both materials, whereas experimen-
tally, the LTSH in a field decreases substantially —
11% in 10 T for LuCo, (Ref. 18) and 7.8% in 11 T
for Pd (Ref. 19) at the lowest temperatures. The
work on Pd did not go over 11.5 K, while the discus-
sion of the work!® on LuCo; states that the observed
decrease in the LTSH decreases above 12 K, but
shows no data above 6 K. This lessening of the de-
crease above 12 K in LuCo, progresses to the point
where, at 20 K, the high-field data are only about
1.5% less than the zero-field data.'® The estimate!®
of the characteristic spin-fluctuation temperature
from magnetic measurements for LuCo, is two or-
ders of magnitude too high to explain this decrease in
the field effect in LuCo, at 20 K as being due to a
dampening of the spin fluctuations due to increased
temperature. Based on the present work, this
disagreement between prediction and experiment
could be analogous to the suggested impurity effect

between samples 1 and 2 of TiBe,. Not only could a
magnetic impurity affect the LTSH data for LuCo,
and Pd, which would then respond to field different-
ly, but also the susceptibility data from which the
predictions were made could be changed both in mag-
nitude and shape by impurities. As suggested by
Béal-Monod,? measurements of X and LTSH on the
same samples, as done in the present work, are need-
ed to investigate this discrepancy.

The accuracy of the X data in Fig. 1 (+1%) is not
sufficient to investigate the thermodynamic relation-
ship

H¥x| _ 9y
9T? |u=0 OH

used by Béal-Monod?® for her prediction of a 5% in-
crease in vy, the linear term coefficient in the LTSH,
in a 7-T field for TiBe,. Acker et al.® observed less
than a 1% change in their very accurate X data on a
TiBe, sample between 2 and 4 K. However, as
shown in the present work on TiBe, by the obvious
sample-to-sample variation in both the magnitude
and shape of X at low T (Fig. 1), coupled with the
range of observed responses of the LTSH to 7 T (0
to —4%), more accurate X data for these, or any
similarly prepared, samples of TiBe, would be point-
less, since the general response of the LTSH to mag-
netic field reported here is not an intrinsic property
of pure TiBe,, but is instead impurity dominated.
Thus the investigation of spin-fluctuation theories by
the measurement of the LTSH of TiBe, in magnetic
fields must wait upon purer samples.

The correct explanation for LuCo, and Pd may in
fact not be an impurity effect. Certainly in the case
of the Pd work!® the purity was stated to be quite
good, with a residual resistivity ratio over 10000.
Measurements of the LTSH on this sample in 11 T to
higher temperatures to look for a decrease in the
field effect should certainly be done before any
purity-dependent study is made. In the case of
LuCo,, perhaps the spin-fluctuation temperature im-
plied from magnetic susceptibility is incorrect. The
commentary here concerning this other work is not
intended, by any means, to do other than suggest a
possible alternative for discussion.

T=0

IV. TEMPERATURE DEPENDENCE OF THE
SPECIFIC HEAT; DERIVATION OF THE
SPIN FLUCTUATION TEMPERATURE

The LTSH data shown in Fig. 4, with the upturn at
low temperatures, look startingly like that of UAl,.
UALl, has been identified?® as the only metal to have
a T%InT temperature dependence in the LTSH. Brod-
sky?! has stated that the presence of a T3In7T term in
the LTSH is the only ‘‘hard proof”’ of spin fluctua-
tions. While it is true that the electron-phonon in-
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teraction has theoretically been predicted?? to give a
T3InTterm in the LTSH, the overwhelming likeli-
hood, based on the work of Acker et al.,>® the
analysis of Béal-Monod,”-® and numerous other
works, is that if there is a T3InT term in the LTSH
of TiBe,, it is due to spin fluctuations (— paramag-
nons).

Thus the zero-field data in Fig. 4 have been fitted
by a least-squares computer program to

C/T=y+eT*+8T*InT )

where, from the theories of Doniach and
Engelsberg?® and Berk and Schrieffer?

C/T=ym*/m+THUB— (ay/T#) (InTr— By)]
+T2InT(ay/TH . 3)

The parameter Tr is 4 Tsg/w I, where T is the
characteristic spin-fluctuation temperature and
T=1-1/8, where Sis the Stoner factor. TIis, for
TiBe,, very close® to 1 (0.9846 for S =65). The
parameter B is due to the lattice specific heat and may
be related to the Debye temperature, @p, via
©p=(1944 x3/B8) x10. The coefficient y is pro-
portional to the electronic density of states,
N(0)(1+2x)=0.1415v, where X is the electron-
phonon coupling constant and m*/min Eq. (3) above
may be viewed as the renormalization of N(0) by a A
due to electron-electron interactions:

m*m=mQQ +x_e)/m=1+Xx,_,.

The constant By has been, in the UAl,, alternative-
ly ignored,?® or bypassed?’ by approximating y by
higher-temperature data and using an expression for
a from theory which involves low-temperature sus-
ceptibility data. Due to the possibility of a contribu-
tion to X(T=0) from a magnetic impurity in the
present work, this bypass route is not open. There-
fore By is approximated in the present work by that

derived?® by Doniach and Engelsberg for Pd, By=0.18.

Trainor, Brodsky, and Culbert? give a description
of their UAl, LTSH data based on the above formal-
ism, although they ignore By. In their description,
they were unable to achieve a good fit of their data to
Eq. (2) over an extended temperature range and
chose to fit their data to Eq. (2) between approxi-
mately 1 and 6 K. The lines shown in Fig. 4 are fits
of the data to Eq. (2) over the entire temperature
range by a least-squares computer program. The
resultant vy, €, and 8 (defined above) are given in
Table 1.

As may be seen in Fig. 4, the deviation of the fit
from the data is a maximum around 8 K. In general,
the fit to Eq. (2) of the data is quite good, especially
for the oxygen-doped sample 3. In another work?
on UAl,, Trainor, Brodsky, and Knapp speculate that
higher-order terms in Eq. (3) are important at T > 4
K for UAl,. This may explain the discrepancy

between the fitted curves and the data in Fig. 4. In
order to be consistent with the earlier work on UAl,,
fits of just the lower-temperature LTSH data, T <9
K, have also been made and are shown in Fig. 6.
The values derived from these fits are given in Table
I in parentheses. As may be seen in Fig. 6, except
for a few scattered points at the lowest temperatures,
the fit of the low-temperature data by Eq. (2) is ex-
cellent. The sensitivity of the fitted parameters € and
& to whether all or just the low-temperature part of
the data is used in the fit is significant for samples 1
and 3, while the fitted y is mostly independent of the
fraction of the data used for all three samples.

By using Eq. (3) and making an assumption for
®p, Tsk can be derived.

ay/Tr=5 @
Tr=4/a]) Tsg =127Ts ,
B—ay/Té(InTr—By) =€ ,
InTr=(e~B)/(—8)+B, ,
InTsp=(e—B)/(—8) +Bo—In(4/nI)
=(e—B)/(—8)+Bp—0.24 .

Using ®p =400, 500, 600 K gives 8=0.0911, 0.0467,
0.0270 mJ/mole K*. This assumption, that By=0.18,
and the above equations give the values for the
characteristic spin-fluctuation temperature, Tsp, given
in Table 1.

Because of assumptions both for 8 and By, the
values must be taken as extremely approximate. Ad-
ditionally, the question of whether to use the low-
temperature fitted values for 7 <9 K in parentheses
or the values based on all the data is not easily
resolved. A value of Tsg=150 £25 K is probably the
most precise that can be quoted at present.

Another question that can be raised is the unique-
ness of the fit of the LTSH data to the temperature
dependence given in Eq. (2). Figure 7 shows the
data for sample 1 fitted to Eq. (2) (middle curve) and
also to

C/T=y+BT*+8/T? &)
and
C/T=y+BT?>+3/T? , 6)

where 8/T? (lower curve) corresponds to the tem-
perature dependence above a Schottky anomaly and
8/ T? (upper curve) corresponds to a spin-glass ano-
maly. Obviously, the fits are very poor. It is true
that the curvature of the LTSH data requires a tem-
perature dependence higher than 73. Thus four-
parameter fits were tried by adding a T* term to Egs.
(5) and (6). The fits achieved were much closer to
the data, qualitatively similar to the fit of the data to
the three-parameter Eq. (2). However, both four-



5914 G. R. STEWART, J. L. SMITH, A. L. GIORGI, AND Z. FISK 25

€0 T T T T T

o
Q
K
|

N
o
T
|

C/T (md/mole K?)
(6,0
(O\
|

=

i 1 1 | 1
[¢] 100 200 300 400 500 600 700

40

T2 (K?)

FIG. 7. Fits of the low-temperature specific-heat data for
sample 1 to Eq. (2), middle curve; Eq. (5), upper curve; and
Eq. (6), lower curve. Clearly, for a three-parameter fit,
T3InTis a better third term than either 1/72 or 1/T. As
discussed in the text, four-parameter fits using these latter
temperature dependences give negative lattice specific heats.

parameter fits gave negative numbers for Cpayice
=BT+ AT5 until T =19 K. This unphysical nega-
tive lattice specific heat was independent of the
number of points included in the fit.

Thus while the 731n T temperature dependence of
the LTSH data may not be unique, no better alter-
native temperature dependence presents itself to us
which is not unphysical.

V. DISCUSSION OF PREVIOUS LTSH DATA
ON TiBeMG AND TiBCl_79CUO.21

The original specific-heat work!! on TiBe; g
showed a cusp in the lowest-temperature data, based
on four data points for T <2 K (see Fig. 8). As dis-
cussed in Sec. II, the lowest temperature thermal
conductivity used in calculating the specific heat, [see
Eq. (1)1, was not known in the earlier work to the
same accuracy as in the present work. This inaccura-
cy, coupled with possible effects due to the poorer
stoichimetry or increased impurities in the sample
measured in the earlier work, indicates that this ear-
lier observation of a cusp, not seen in this work, may
have been an artifact. The LTSH data for TiBe;
from the earlier work (Fig. 8) have been fitted to Eq.
(2) with the two lowest-temperature points 7 < 1.5
K, excluded. Although these earlier LTSH data have
more scatter than in the present work, due to the
lack of a small computer to reduce the 7 data, they fit
Eq. (2) qualitatively just as well as the data measured
in the present work. The fitted parameters are

60
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FIG. 8. Previously published low-temperature specific-
heat data for TiBe, os. The solid line is a fit of the data to
Eq. (2), with the two lowest-temperature points excluded
from the fit. Barring the somewhat greater scatter in these
data, Eq. (2) gives as good a fit to these data as for the data
in Fig. 4.

v=56.69 mJ/mole K?, e=—0.2636 mJ/mole K*, and
5=0.08286 mJ/mole K*InK, in good agreement with
those in Table I for sample 2. Thus the existence of
a T?In T temperature dependence at low temperatures
in the LTSH of TiBe,, and therefore proof of spin
fluctuations in this compound, was obscured in the
earlier work!! by two data points and, frankly, the
early claim!? of itinerant antiferromagnetism. The
intervening work by Acker et al>:¢ and by Béal-
Monod,”-8 which proposes that TiBe, is a spin-
fluctuation compound, certainly was a driving force
for fitting the LTSH data in the present work to Eq.
).

It has always been apparent that the LTSH data*
for TiBe,—xCu, were very similar to those of TiBe,.
Shown in Fig. 9 are the LTSH data* for TiBe; 7¢Cug2;
and the data for sample 2 from the present work.
The data are indistinguishable below about 17.5 K.
The line drawn in Fig. 9 is a fit of the TiBe; 79Cug 2
LTSH data to Eq. (2), with the resulting parameters
(y=>56.54 mJ/mole K?, e=—0.2210 mJ/mole K*,
and §=0.06613 mJ/mole K*InK) within 2% of those
shown in Table I for sample 2. Thus, it seems clear
that TiBe; 79Cug,; also has spin fluctuations at low
temperatures.

The accepted interpretation®26-27 of the behavior of
TiBe,—,Cuy is that it is an itinerant ferromagnet for x
greater than about 0.16. There exist two other com-
pounds thought to be itinerant electron ferromagnets:
ScsIn and ZrZn,. The LTSH of both materials?®?
shows an anomaly at the Curie temperature as deter-
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FIG. 9. Previously published low-temperature specific-heat data for TiBe; 79Cuq; (filled circles) and for sample 2 in the
present work (X’s). Clearly, the data are very similar. The solid line is a fit of the data for TiBey 79Cuq,; to Eq. (2). The data
agree with the fit quite well except in the region of 7 to 8 K, just as for the samples measured in the present work. Note the
lack of any anomaly at the Curie temperature (determined by magnetic measurements for this sample of TiBe; 75Cug ,; to be
T¢ =169 K?). This supports the conclusion in the text that TiBe,_,Cu, should be viewed as a spin-fluctuation material.

mined by magnetic measurements. One measure of
such anomalies is their entropy. For Sc;In the ano-
maly has an entropy of about 0.02R In2; for ZrZn,
the entropy is about 0.005 R In2; where for a local-
moment, spin-% system, the entropy would be R In2.

The point should be made that LTSH is a very sensi-
tive tool for detecting such small amounts of
ordering —even for ZrZn,, where the LTSH anomaly
is broadened and corresponds to only 1/200 of an or-
dered moment, the anomaly is over 10% of the
specific heat at the Curie temperature.?? For Sc;ln,
the anomaly is over 30% of the specific heat at the
Curie temperature.

As seen in Fig. 9, the LTSH data for TiBe; 79Cug
show no anomaly at the magnetically determined Cu-
rie temperature T=13 K, or 72=169 K2 The data
shown in Fig. 9 for TiBe; 79Cug,; have relatively little
scatter; the maximum size of any anomaly at
T?=169 K? is about 2% of the specific heat —roughly
corresponding to 0.001R In2. Again, when the LTSH
of TiBe; 79Cug; was published, the entire upturn in
the data below T =20 K was incorrectly assigned to
the entropy of ordering due to the obvious analogy to
the LTSH data of TiBe,, which was incorrectly
thought to show the entropy of antiferromagnetic or-
dering. Arguments were made? that the entropy of

magnetic ordering at 7 =13 K was somehow spread
out between 1 and 20 K, whereas it is now clear that
this upturn in the LTSH data is due to a 7°In T tem-
perature dependence due to spin fluctuations.

Thus the question arises: Is TiBe,—,Cu,, for
x >0.16, an itinerant ferromagnet? From the lack
of an anomaly in the LTSH data in Fig. 9, and from
the T3InT dependence of these data, it is clear that
the majority of the electrons at the Fermi energy
should be viewed as undergoing spin fluctuations
and not ferromagnetic ordering. This contradicts
the results?® of Felcher, Cable, and Smith, who
found 0.112 £0.004 Bohr magnetons per Ti atom in
TiBe; gCuy, via polarized-neutron diffraction. While
it is certainly likely that some small fraction of the
electrons at the Fermi surface are ferromagnetic in
TiBe; gCug,, the LTSH data suggest that 0.112u5 per
Ti atom is a factor of 100 too high. The entropy due
to such a moment ordering at 13 K would be over
600 mJ/mole K. This would correspond to a
specific-heat anomaly, even allowing for a broader
transition then seen in Scs;In or ZrZn,, which would
more than double the specific heat actually ob-
served.

It is possible that the polarized-neutron result?® for
the moment in TiBe,_,Cu, was influenced by the dis-
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cussion of the susceptibility of TiBe,-,Cu, in the ori-
ginal work,* which talks of a Curie-Weiss amount of
1.54u 5 and an induced moment of 0.20up. If
TiBe,—xCu, is correctly viewed as predominantly a
spin-fluctuation material, then the original work’s dis-
cussion* is misleading in view of Moriya and
Takahashi’s observation® that the Curie constant,
determined from the magnetic susceptibility of such a
spin-fluctuation material, is not related to the satura-
tion moment in the ground state. Instead, the Curie
constant is merely related to the band structure
around the Fermi level,*® and the scaling of the spin
densities in Ref. 26 is improper.

VI. CONCLUSIONS

Both TiBe, and TiBe; 79Cuq,; have been seen to
show a T°InT temperature dependence in the low-
temperature specific heat that is characteristic of spin
fluctuations. This result is consistent with the experi-
ments of Acker ef al.>% and the theories of Béal-
Monod.”® The LTSH in a 7-T field of the three
samples of TiBe, has also been measured. This, cou-
pled with susceptibility and resistance data on the
same samples, indicates an impurity effect in the field
dependence of the LTSH of TiBe, and the magnitude
and temperature dependence of the low-temperature
susceptibility. More measurements on purer, well-
characterized samples are needed. The size of the
field effect on the LTSH of the sample of TiBe,
thought to be most representative of ideal TiBe, is
less than 1%, in disagreement with Beal-Monod’s pre-
diction® (based on X data of Acker et al.? for another

sample of TiBe,;) of a 5% increase in the y [Eq. (2)]
of TiBe, in 7 T, since v is essentially equivalent to
C/T at low temperatures for TiBe,, accounting for
over 90% of the C/Tat 4 K. It is interesting to point
out that Béal-Monod bases this prediction® on low-
temperature susceptibility data on TiBe, of Acker
et al.?® which gives X(T) = x(0) (1 +0.06 x1072T?),
from which 82x/9T? and thus dy/dH are derived.
However, earlier data of Acker et al.® gave
0.10 x 1072 for the coefficient of T? instead of
0.06 x 1072 As purer samples and similarly accurate
X measurements become available, this number may
decrease even further, perhaps even to the point of
being consistent with the less than 1% decrease
(which, it should be stressed, is equivalent to no
change or even a slight positive increase within the
precision of the data) observed here for sample 1.
Finally, an analysis of previous LTSH data for
TiBe; 79Cug,; and the lack of an anomaly in those
data at the Curie temperature determined by ac sus-
ceptibility measurements, suggests that any descrip-
tion of TiBe,—,Cuy for x > 0.16 as having an ordered
moment in the range of 0.1—-0.3up is two orders of
magnitude too high.

ACKNOWLEDGMENTS

The authors would like to thank Dr. M. T. Béal-
Monod, Dr. Karl Gscheidner, Jr., and Dr. F. Acker
for helpful comments on the manuscript. This work
was performed under the auspices of the Department
of Energy.

1B. T. Matthias, A. L. Giorgi, V. O. Struebing, and J. L.
Smith, J. Phys. (Paris) Lett. 39, L441 (1978).

2B. T. Matthias, A. L. Giorgi, V. O. Struebing, and J. L.
Smith, Phys. Lett. 69A, 221 (1978).

3F. Acker, Z. Fisk, J. L. Smith, and C. Y. Huang, J. Magn.
Magn. Mater. 22, 250 (1981); P. Monod, 1. Felner, G.
Chouteau, and D. Shaltiel, J. Phys. (Paris) Lett. 41, L511
(1980); D. Shaltiel, P. Monod, and I. Felner, ibid. 41,
L567 (1980).

4A. L. Giorgi, B. T. Matthias, G. R. Stewart, F. Acker, and
J. L. Smith, Solid State Commun. 32, 455 (1979).

SR. A. de Groot, D. D. Koelling, and F. M. Mueller, J.
Phys. F 10, L235 (1980).

6F. Acker, R. Huguenin, M. Pelizzone, and J. L. Smith,
Phys. Rev. B 24, 5404 (1981).

M. T. Beal-Monod, Phys. Rev. B 24, 261 (1981).

8M. T. Beal-Monod, Physica (Utrecht) (in press).

9E. P. Wohlfarth, J. Phys. (Paris) Lett. 41, L563 (1980).

10A . P. J. van Deursen, J. M. van Ruitenbeek, W. A.
Verhoef, A. R. de Vroomen, J. L. Smith, R. A. de Groot,
D. D. Koelling, and F. M. Mueller, Physica (Utrecht) (in
press).

11G, R. Stewart, B. T. Matthias, A. L. Giorgi, E. G. Szklarz,
and J. L. Smith, Solid State Commun. 30, 709 (1979).

12F, Aldinger and P. Wellner, Z. Metallk. 61, 344 (1970).

13G, R. Stewart, Cryogenics 18, 120 (1978).

4G, R. Stewart and A. L. Giorgi, Phys. Rev. B 17, 3534
(1978).

ISR, E. Schwall, R. E. Howard, and G. R. Stewart, Rev. Sci.
Instrum. 46, 1054 (1975).

16G. R. Stewart, G. P. Meisner, and H. C. Ku (unpub-
lished).

17G, R. Stewart, B. Cort, and G. W. Webb, Phys. Rev. B 24,
3841 (1981).

18K Ikeda and K. A. Gscheidner, Jr., Phys. Rev. Lett. 45,
1341 (1980); K. Ikeda and K. A. Gscheidner (unpub-
lished).

19T, S. Hsiang, J. W. Reister, H. Weinstock, G. W. Crab-
tree, and J. J. Vuillemin, Phys. Rev. Lett. 47, 523 (1981).

20R. J. Trainor, M. B. Brodsky, and H. V. Culbert, Phys.
Rev. Lett. 34, 1019 (1975).

21M. B. Brodsky, Rep. Prog. Phys. 41, 1547 (1978).

22G. M. Eliashberg, Zh. Eksp. Teor. Fiz. 43, 1005 (1962)
[Sov. Phys. JETP 16, 780 (1963)].



25 SPECIFIC HEAT OF WELL-CHARACTERIZED TiBe, AT0 AND 7 T 5917

23S. Doniach and S. Engelsberg, Phys. Rev. Lett. 17, 750 Lett. 45, 751 (1980).
(1966). 27J, L. Smith, Physica (Utrecht) 107B+C, 251 (1981).

24N. F. Berk and J. R. Schrieffer, Phys. Rev. Lett. 17, 433 28], L. Issacs, G. S. Knapp, and H. V. Culbert, Int. J. Magn.
(1966). 2,15 (1972).

25R. J. Trainor, M. B. Brodsky, and G. S. Knapp, in Plutoni- R. Viswanathan, J. Phys. F 4, L57 (1974).
um 1975, edited by H. Blank and R. Lindner (North- 30T. Moriya and Y. Takahashi, J. Phys. Soc. Jpn. 45, 397
Holland, New York, 1976), p. 475. (1978).

26G. P. Felcher, J. W. Cable, and J. L. Smith, Phys. Rev.



