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Quenching of spin fluctuations in the highly enhanced paramagnets
RCo (R=Sc, Y, or Lu)
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The low-temperature {1.3—20.0 K) high-magnetic-field (0—10 T) heat capacity and the magneti-
zation and magnetic susceptibility (1.7—300 K) of the strongly Pauli paramagnetic RCo2 (R =Sc, Y,
or Lu) compounds with the MgCu2-type structure were measured. The heat-capacity results for
ScCo2, YCo~, and LuCo2 show that the electronic specific-heat constant decreases with increasing
magnetic fields (by 7%, 4%%uo, and 10', respectively, at 10 T). For YCo2 the coefficient of the T
term (P) in the heat capacity is found to increase by 18% at 10 T, but for ScCo2 and LuCo2 P
remains constant within experimental error. Analyses based on several theoretical models of the
quenching of spin fluctuations by high magnetic fields suggest that the characteristic spin-
fluctuation temperature is -20 K for ScCo2, -35 K for YCo2, and —16 K for LuCo2. The mag-
netization and the field dependence of the magnetic susceptibility of the same samples as used in the
heat-capacity measurements indicate the presence of ferromagnetic impurities in the samples, but
the estimated concentrations are sufficiently low that they probably have no effect on the observed
heat capacities. Maxwell's thermodynamics relationship between the field dependence of the heat
capacity and the temperature dependence of the magnetic susceptibility has been examined.

T, =TF/S, (2)

where Tz is the Fermi temperature. Beal-Monod et al.
showed that the decrease in the heat capacity at 0 K of a
nearly ferromagnetic Fermi liquid is proportional to H2.

If the magnetic field is sufficiently large so that the
Zeeman splitting energy of opposite spin states is compar-
able to or larger than the characteristic spin-fluctuation
energy, then the paramagnons no longer have sufficient
energy to flip spins, and therefore, the inelastic spin-flip
scattering is quenched. Thus the specific-heat enhance-
ment is expected to decrease with increasing magnetic
field. Recently Hertel et a/. made a more detailed
mathematical analysis and found that the electronic con-
tribution to the heat capacity would be depressed by a few

I. INTRODUCTION

The anomalous enhancement of the electronic contribu-
tion to the heat capacity due to spin fluctuations in the
strongly Pauli paramagnetic metals has been of consider-
able interest for about a decade. ' It was pointed out by
Brinkman and Engelsberg and by Heal-Monod et al.
that the application of high magnetic fields offers one
way of testing the spin-fluctuation theory. Brinkman and
Engelsberg explained that a magnetic field of the order of
characteristic spin-fluctuation temperature T, is required
to quench spin-fluctuation enhancements. The effective
field H, tt is given by

H, tt=kii T, /lsgS'

where kz is the Boltzmann constant, pz is the Bohr mag-
neton, and S is the Stoner-exchange —enhancement fac-
tor. The characteristic spin-fluctuation temperature is
defined as

percent at 10 T, if the Stoner enhancement and the mass
enhancement due to spin fluctuations are large (-4 and
—1.5, respectively), and also if the spin-fluctuation tem-
perature T, is small (-15 K). The discovery in 1980 of
the quenching of spin fluctuations by high magnetic fields
in the electronic heat capacity of LuCoz (Ref. 6) has sub-
stantiated these theoretical predictions. The discovery
of this lowering of the electronic heat capacity by magnet-
ic fields has subsequently been confirmed in other highly
enhanced paramagnetic materials, i.e., Sc, CeSn3, and
Pd-Ni. The lowering of the electronic heat capacity re-
ported in "pure Pd" by Hsiang et al. ' has not been ob-
serve by Stewart and Brandt" on another Pd sample.
Furthermore, these results (for Sc, CeSni, and Pd-Ni)
show that this effect occurs at lower fields than has been
expected. In particular, the electronic specific-heat con-
stant decreases by 10.3% at 10 T for LuCo2, 11.5% for
Sc, 26.9% for CeSn3, 13.4% for 0.47-at. % Ni-Pd, and
11.9% for 0.97-at. % Ni-Pd. On the other hand, Barnea'
has estimated, from the temperature dependence of the
magnetic susceptibility, that T, =630 K (i.e., H, tt=230T)
for LuCo2. This inconsistency requires further detailed
theoretical and experimental studies on the quenching of
the spin-fluctuation enhancement caused by high magnet-
ic fields.

The strongly Pauli paramagnetic RCo2 (R denotes Sc,
Y, or Lu) compounds with the cubic MgCu2-type struc-
ture were chosen to investigate the quenching of spin fluc-
tuations by high magnetic field because of the large mag-
netic susceptibility and unusual temperature dependence
of the RCo2 phases. The magnetic susceptibility shows a
flat maximum of the order of -3X10 emu/mol at a
fairly high temperature, T,„(-250, -370, and -600 K
for YCo2, ' ' LuCo2, ' and ScCo2, ' respectively). For
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YCo2 the low-temperature zero-field heat-capacity and
electrical-resistivity measurements have revealed a large
electronic specific-heat constant (12 mJ/g-at. K } (Refs. 17
and 18) and a T -dependent resistivity below -20 K.'

Because of these unusual properties, several au-
thors' have considered and treated the RCoz (R
denotes Sc, Y, or Lu) compounds as a typical Fermi liquid
with a large Stoner-enhancement factor S= 10.

Block et al. have predicted, on the basis of high-field
(up to 15 T} magnetization measurements on YCoz, that
the itinerant-electron metamagnetism, which was pro-
posed first by Wohlfarth and Rhodes, will occur in an
applied field of —140 T. The magnetic measurements on
YCo2 and LuCo2 in fields up to 38 T by Schinkel have
shown that the field dependence of magnetization for both
compounds can be approximated by two linear regions at
4.2 K, and even at 77 K for YCoq. These results suggest
that these compounds are typical nearly ferromagnetic
materials.

In this paper the experimental results of the low-
temperature (1.3—20 K) heat-capacity measurements in
magnetic fields up to 10 T, and the magnetic susceptibili-
ty (1.7—300 K) measurements, are reported in detail for
the RCo2 compounds (R denotes Sc, Y, or Lu). The
quenching of spin fluctuations by magnetic fields is dis-
cussed in connection with the theoretical predictions.

II. EXPERIMENTAL

The preparation of stoichiometric YCo2 is difficult be-
cause it forms peritectically and it is almost impossible to
avoid the presence of the ferromagnetic YCoi
phase. ' ' ' In order to avoid the contamination of the
samples by the ferromagnetic RCoi (pure Co for Sc-Co
alloys) phase, rare-earth-rich nonstoichiometric samples
of ScCo2 (35.0 at. % Sc), YCo2 (35.0 and 36.0 at. % Y),
and LuCoq (35.0 at. % Lu} were prepared by arc-melting.
The starting scandium, yttrium, and lutetium metals used
in this investigation were prepared in Ames Laboratory by
the calcium reduction of fluoride, followd by vacuum-
casting and sublimation. The cobalt metal was pur-
chased from Johnson Matthey, Ltd. The major impurities
in the starting materials are given in Table I.

The arc-melted ingots were sealed in a tantalum cap-
sule, annealed for 1 week at 1000'C, and then furnace-
cooled. X-ray powder photographs showed only the pres-
ence of the RCo2 Laves phase. However, metallographic
examination and electron-microprobe analysis revealed the
presence of second phases in all four samples. The con-
centrations of the rare earth and cobalt in the second
phase relative to the matrix were determined by measur-
ing the relative intensities of the Sc Eu, Y Ka, Lu Lu,
and Co Kn lines while scanning across appropriate sec-
tions of the samples during the microprobe analysis.
These data indicate that the second phases in ScCo2 and
LuCo2 are Sc- and Lu-rich phases, respectively (probably
ScCo and LuqCo3), while in the 35-at. % Y-YCo2 sample
the second phase is Co rich (probably YCoi}. The 36-
at. % Y-YCoz sample was not examined by microprobe
analysis, but magnetization measurements (to be discussed
later) indicate that the ferromagnetic phase present in the

TABLE I. Impurity levels in the starting materials {in
at. ppm}. The impurity levels for those elements not listed, or
for those listed for which no value is reported {unless otherwise
noted}, are 1 at. ppm or less.

Impurity

H
C
N
0
F
Al
Si
Cl
T1
V
Cr
Fe
Ni
CU

Y
Zr
Nb
Pd
Sn
Ba
La
Ce
Pr
Nd
Gd
Tb
Er
Yb
Ta
W
Os
Tl
Pb

Sc

490
83
6

188
28

3
2
2

5.6
53

5

50
2

&5

5
4.2

1.8
&10

7.3
2.3

616
104

13
250
131

&2
2

2.1

27
4.6
4

matrix
&3

&3

5.3
2.8
8

8.1

20

Lu

1385
277

75
1853

28
20

8

3

34
10
17
3

2.8
3.7

4
9.2

&4

2.5
&2

Co

10
3

3
15

10

'No analyses available.

35-at. % Y-YCoz sample was not present in the 36-at. %
Y-YCo2 sample.

Resistance ratios, p3oQQ/p42K —I42K were deter-
mined for all four samples. They varied in value from a
high of 26 for ScCo2 to a low of 7.1 for YCo2 (36 at. %
Y). The I 4 2 K value for LuCo2 was 23 and that for YCo2
(35 at. % Y) was 9.4. These values are not unreasonable
considering that all of the samples have a non-
stoichiometric composition and contained some second
phases.

An isolation heat-pulse —type low-temperature calorim-
eter with a mechanical heat switch was used in this study.
The temperature was measured by using a germanium-
resistance thermometer which had been calibrated at mag-
netic fields of 0, 2.50, 5.39, 7.62, and 9.98 T. The heat
capacity of the 1965 Calorimetry Conference standard
copper sample was measured to serve as a check of the
apparatus and experimental technique. These low-
temperature heat-capacity results were in agreement
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within +1% at 0 T and +2% at the four nonzero magnet-
ic fields with the previous zero-field data.

Both magnetization and magnetic-susceptibility mea-
surements were made on small samples cut out of the
heat-capacity samples. The magnetization data were ob-
tained at three temperatures (4.2, 77, and -285 K) by us-

ing the Foner method. An electromagnet was used to
generate magnetic fields ranging from 0.5 to 0.3 T. The
magnetic-susceptibility measurements were made at a
number of temperatures from 1.7 to 300 K by using the
Faraday technique. An electromagnet with specially ta-
pered pole pieces was used to produce a uniform gradient
and magnetic fields ranging from 0.9 to 1.52 T. All of
the results shown in the figures in this paper were ob-
tained at 1.52 T. More details concerning the apparatus
and the experimental procedure can be found in an earlier
publication. '

perparamagnetic behavior of magnetic impurities such as
iron. The magnitude of the upturn in ScCo2 and LuCo2
and the lack of it in YCo2 is consistent with the iron con-
centrations in starting materials, i.e., ScCo2, which has
about 60% more iron then LuCoz (Table I), exhibits a
larger up turn than LuCo2, YCo2, which has the least
amount of iron present, exhibits no up turn.

For ScCo2 and LuCo2 one can distinctly see that the
curves are parallel to one another and that they fall with
increasing magnetic fields, especially for H & 2.5 T.
However, for YCo2 the straight lines for the various fields
tend to cross one another with the intercept decreasing
and the slopes increasing with increasing field.

In order to examine the influence of the magnetic fields
on the heat capacity in the RCo2 phases, the electronic
specific-heat constant y, and the Debye temperature at 0
K, OD, were calculated from a least-squares fitting of the
data for each field between 1.3 and 6.0 K to the equation

III. RESULTS

A. Heat capacity

C/T=y+13T

where

(3)

The heat-capacity measurements on RCo2 (R denotes
Sc, Y, or Lu) were made between 1.3 and 20 K at magnet-
ic fields of 0, 2.50, 5.39, 7.62, and 9.98 T. Figures 1,2,
and 3 show the experimental results for ScCo2, YCoz, and
LuCo2, respectively. As can be seen, all the C/T-vs-T
curves are linear and there is no evidence for a T lnT
term, except possibly for the slight up turn evident in the
5.39-, 7.62- and 9.98-T magnetic field data for ScCo2 and
LuCo2. This up turn, however, is probably due to the su-

p=1944/SD (J/g-at. K ) . (4)

The y, P, and 8D values are presented in Tables II, III,
and IV for ScCo2, YCo2 (both samples), and LuCo2,
respectively. For the results obtained at fields of 5.39,
7.62, and 9.98 T, the up turn at temperatures below -2 K
was neglected when fitting the ScCoz and LuCo2 data to
Eq. (3). Solid lines in Figs. 1 and 3 are the least-squares-
fit results.
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FICx. 1. Heat capacity of ScCo2 at five magnetic fields. The solid lines are the results of a least-squares fitting of the data for each

of the five magnetic fields to Eq. (3).
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FICi. 2. Heat capacity of YCo2 containing (a) 35 at. % Y and (b) 36 at. % Y at several magnetic fields. The solid line is the result

of a least-squares fitting of the zero-field data to Eq. (3).

The resultant y and P results for the two YCoq samples
are presented along with the previous results in Table III.
The zero-field y and OD values of our YCo2 samples are
somewhat smaller than the results reported by Block
et al. ' and Muraoka et ah. ' It is difficult to ascertain
the reason for these discrepancies, but differences in the

purities of the starting materials (they were not given by
the other authors) and the distribution of and the chemi-
cal composition of the second phases present could ac-
count for the variation in y and SD.

The most interesting observation which can be made is
that the slopes for the C/T vs Tplots for both -YC-oz
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y
(mJ/g-at. K ) (mJ/g-at. K )

TABLE II. Results of a least-squares fitting of the heat-
capacity data of ScCoq at five magnetic fields to Eq. (3).

H Ox

(T) (K)

II

—IO

9

0.00
2.50
5.39
7.62
9.98

6.13+0.01
6.11+0.02
5.85+0.01
5.78%0.01
5.69+0.01

0.0479+0.0005
0.0489*0.0007
0.0488+0.0004
0.0453+0.0003
0.0496+0.0008

344+1
341+2
341+1
350+1
340+2

I I I . I I I I

O 4 8 tP Ig Po P4 PB
T~{K~)

FIG. 3. Heat capacity of LUCo2 at five magnetic fields. Thc
solid lines are the results of a least-squares fitting of the data, for
each of the five magnetic fields to Eq. (3).

samples change with magnetic field, while those for ScCo2
and LuCo~ remain constant. This is more evident when
the upper portions of Figs. 4 and 5 are compared
[remembering that P is inversely proportional to eD—Eq.
(4)] where it is seen that OD(P) remains constant as a
function of field for ScCo2 (within 1.7%) and LuCo2
(within 0.9%) (Fig. 4), while there is no doubt, in spite of
the scatter in the data, that P increases as the applied field
increases for YCoz (Fig. 5). Furthermore, the relative
change in P, as well as y, with increasing magnetic field,
appears to be larger in the sample with the higher cobalt
concentration, which is to be expected since it is thought
that the d electrons of cobalt are undergoing the spin fluc-

tuations. Initially we thought that the variation of P for
the YCo2 samples with the applied magnetic field was due
to the presence of YCo3 in our samples. Although this
cannot be ruled out, we now beheve that the more reason-
able explanation for the variation in P is due to an in-
duced moment on the cobalt atoms by the applied mag-
netic field. The P variation shown here is essentially iden-
tical to that found in Sc, CeSn3, and Pd-Ni alloys, and
in the cases of Sc and CeSn3, it has been suggested that a
magnetic moment is induced on the Sc or Ce atoms bp the
apphed magnetic field.

The analytical results for the field dependence of y are
shown in the lower portions of Figs. 4 and 5 for the three
RCo2 compounds. The application of an applied field of
10 T lowers the y value from the zero-field value by 7.2%
for ScCo2, 3.8% for YCo2 (36 at. % Y), and 10.3% for
LuCo2 (both the Sc and Lu compounds contain 35 at. %
R).

In addition, our measurements up to 20.0 K show that
the difference of the C/T-vs- T2 curves at 0 and 9.98 T is
a maximum at —10 K for ScCo2, at —11 K for YCoq,
and at —12 K for LuCo2, e.g., see Fig. 6 for LuCo2. We
have also found that at higher temperatures there is no

TABLE III. Results of a least-squares fitting of the heat-capacity data of YCo2 at five magnetic
fields to Eq. (3).

0
2.50
5.39

11.02+0.01
11.07+0.03
10.59+0.02

(mJ/g-at. K )

35 at. % Y
0.179+0.001
0.169+0.002
0.220+0.002

Apparent
Oxa

(K)

0
2.50
5.39
7.62
9.98

10.19+0.02
10.11+0.04
10.19+0.06
9.97+0.08
9.80+0.03

36 at. % Y
0.157+0.001
0.164+0.002
0.135+0.003
0.158+0.004
0.185+0.002

12.1'
12.0

'This study.
bpor the composition Ycoi 8 (36 at. % Y).
'O~ value was erroneously reported by the authors (Ref. 17) as 276 K; the correct value is listed here.
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TABLE IV. Results of a least-squares fitting of the heat-
capacity data of LuCo& at five magnetic fields to Eq. (3).

0.20

0.00
2.50
5.39
7.62
9.98

8.85+0.01
8.80+0.03
8.36+0.02
8.22+0.04
7.94+0.01

0.1434+0.0004
0.1449+0.0011
0.1473+0.0009
0.1419+0.0018
0.1450+0.0008

238.4+0.2
237.6+0.6
236.3+0.5
239.3+1.0
237.5+0.4 O. I6

difference in the heat capacities at 0 and 9.98 T. The
temperature at which they merge is —13 K for ScCoz,
—14 K for YCoz, and -20 K for LuCoz (Fig. 6). This
means that the enhanced electronic specific-heat constant
is predominant at low temperatures, and also that the
enhancement is suppressed because of the renormalization
of spin fluctuations as the temperature increases.

B. Magnetization and IBagnetic susceptibilities

Typical magnetization, o', curves for the RCoq com-
pounds are shown ln Fig. 7 (for LUCog). The SCCop and
LuCoz samples, which contained 35 at. % R, and the
YCoz sample which contained 36 at. % Y, exhibited
essentially identical o.-vs-H curves, in that they were
linear with a zero intercept for temperatures equal to or
greater than 77 K, and that the 4.2-K curve showed a
nonlinear increase at low fields, which became linear at

I I.0

l0.6—

l0.4—

U

I0.2O=

E

I 0.0—

YCo2

55 at. o/o Y A, A

o ScCo2 9.6
0 IO

LuCo2

—380

H (T)
FIG. 5. Electronic specific-heat constant y and the coeffi-

cient of the T term P of two Ycoz samples as a function of the
magnetic field.

220 ~ —340

200 300

IO—

0

FIG. 4. Electronic specific-heat constant y and the Debye
temperature ea of ScCo& and LuCoz as a function of the mag-
netic f1eld.

high fields. The curvature for the 4.2-K magnetization
results suggest the presence of a ferromagnetic impurity,
which is not detected in the heat-capacity results, and this
indicates the impurity concentration must be quite small,
namely less than 1%. The impurity could be a RCo
phase with x &2, or it could be free Co on the surface as
suggested by Collings et a1.' in their study of ScCoz.
Since our alloy composition and microprobe analyses indi-
cate that the second phase is richer in R than ACoz, and
since RCo compounds with x & 3 do not order rnagneti-
cally, ' ' we believe that free Co on the surface of the
RCoz compounds might account for the 4.2-K magneti-
zation results. This was confirmed by an Auger depth-
profile analysis of the LuCoz sample, which clearly
showed the presence of free Co on the surface, which sat
on a layer of Luqo3, which, in turn, rested on the bulk
LuCo~ material. The amount of free Co on the surface
can be estimated by extrapolating the high-field data to
H =0 T (dashed line in Fig. 7) to give the saturation mag-
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FIG. 6. Heat capacity of LuCo2 from 1.3 to 20 K at 0 and 9.98 T.

400

netization value for the impurity, cr; Assu. ming an effec-
tive magnetic moment for the Co of 1.6pq we find that
—10 g per gram of sample of free Co lies on the sur-
face for all three samples (see Table V). From the size of
the LuCo2 magnetization sample, and assuming that the
Co atoms completely cover the surface in a close-packed
arrangement of atoms, it is estimated that there are about
90 layers of free Co on the surface of the LuCo2 specimen.

The magnetization results for the YCo2 sample contain-
ing 35 at. % Y differ from the other three samples in that
the cr-vs-H curves at 4.2, 77, and 280 K indicate the pres-
ence of a ferromagnetic second impurity phase. In this
case we believe, at least for the 77- and 280-K results, that

LUCO2 (35 at. '/o Lu)

0.03

0.02
b

o; is due to YCo3, which orders magnetically at 301 K."
The presence of YCo3 was suggested by the microprobe
analysis, as discussed earlier. At 4.2 K we believe that cr;
is due to YCo3 and free Co on the surface. As shown in
Table VI the amount of YCo3 present in the alloy is
5.6)&10 g per gram of alloy and the amount of free co-
balt on the surface is 3.7X10 g per gram of alloy,
which is nearly the same value found for the free Co in
the 36-at. % Y-YCo2 and LuCo2 samples (Table V).

The Faraday magnetic susceptibilities from 1.7 to 300
K of the same four RCo2 samples, which were used in the
heat-capacity measurements (but are different from the
magnetization samples, which were also cut from the
heat-capacity samples), are shown in Figs. 8—10, along
with the results reported in literature. ' ' ' The mag-
netization results are in good agreement (within a few per-
cent) with the susceptibility values shown in Figs. 8—10.
There is, however, a considerable difference between our
results and those published in the literature. However,
this is to be expected since our alloys are deficient in Co,
while those reported in the literature were for the RCoq
stoiehiometry. This is readily obvious when one compares

TABLE V. Impurity saturation magnetization value o.; and
mass of free cobalt on 8Co2 sample surface.

0
0 O. I 0.2 0.3

Compound

ScCo2 (35 at. % Sc)
YCop (36 at. % Y)
LuCo2 (35 at. % Lu)

(emu/g)

Mass of
Co

(g/g)

H (T)
FIG. 7. Magnetization vs applied magnetic field for LuCo2 at

three temperatures (in K).

0.012
0.0051
0.0048

7.9X10-'
3.36& 10
3.1,g10-'



TABLE VI. Impurity saturation magnetization value o; and
the masses of YCo3 present in the bulk sample and free cobalt
on the surface of the 35-at. % Y-YCo2 alloy.

Temp.
(K)

280
77
4.2

0.0095
0.0164
0.0220

Jeff
YCo3

(pg/YCo3)

0.8
1.4
1.4

5.6~10-'
5.6g10—'

b

our results for the two YCoz samples which dif«r by 1

at. % (Fig. 9).
The field dependence of the magnetic susceptibility was

exaIDined at 4.2 K. In all cases the susceptibility was
found to decrease with increasing field from 0.91 to 1.52
T (see Fig. 11). These field dependencies suggest the pres-
ence of hard ferromagnetic impurities other than the free
Co found on the surfaces or the YCoz impurity phase
found in the 35-at. % Y-YCoz sample as discussed above,
since the saturation for these impurities occurs at or below
0.15 T (see Fig. 7). It is doubtful that this effect at high
fields is due to the Fe impurities in the startmg metals be-
cause the effect observed in the compounds is inversely

'Reference 13.
Assumed mass of YCo3 to be 5.6X10 g per gram of alloy

from the 77- and 280-K results, which acounts for 0.0164
emu/g of the 0.0220 emu/g measured for o.;. The difference,
0.0056 emu/g, is assumed to be due to the free cobalt on the
sample surface (i.e., 3.7X 10 '

g per gram of alloy).

proportional to the amount of Fe in the materials (see
Table I), thus ruling out the presence of free Fe. We be-
lieve the effect shown in Fig. 11 is due to pairs of Co
atoms occupying R-metal-atom sites, which has been ob-
served by others in the closely related RCo„phases
(wllcl. c x varies fionl 2 to 5), wlllcll wllcil carried ollt lil a
systematic manner will lead to the intermediate phases
RCoz, RzCo7, and RzCoi7 .An upper limit for the
number of such pairs can be estimated in the following
way by using the method of Honda and Owen. From
the X „;vs-1/H plot (Fig. 11), one can calculate the true
susceptibility of R Coz (Xzt c,,) by extrapolation to
1/H=O, where the intercept=Xztco. At any given field

we have

~mcas +ACO2+ ~~fenO ~

where Agf„„ is the contribution to the susceptibility by
the ferromagnetic impurity and is given by

~Xferro=ctrsst/H ~

where cr„t is the saturation magnetization of the impurity
phase at the same temperature of the susceptibility mea-
surement, and c is the impurity concentration. %e have
assumed that the pair of Co atoms has the same effective
moment as pure Co metal. This is quite likely to be too
low since the Co-Co separation in the Co pair is much
smaller than in Co metal, and thus one would expect a
higher effective magnetic moment. With the use of this
value we have, at least, an upper limit on c and thus the
number of Co atom pairs. From the results sho~n in Fig.
11, we calculate the upper limit of Co-atom pairs occupy-

2.00—
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C=yDT[m*/m+a(T/T, ) ln(T/T, )]+pDT3 . (8)

Here, m~/m=1 + A,,~;„+A,, zi, is the 0-K many-body
mass enhancement, which includes the spin fluctuation
and electron-phonon contributions (A,»,„and A,, ~i„respec-
tively), yD is the electronic specific-heat constant deter-
mined from the band-structure density of states, a is pro
portional to S(1—S '), and 13DT is the usual lattice
contribution. As shown by Lederer and Mills, and by
Engelsberg et al. , Eq. (8) is valid only for the case of an
uniform enhancement throughout the lattice, but if one
takes into account the local enhancement on one atom (a
magnetic solute atom), then the T lnT term is negligible
except for T & T, /100; thus the next leading term is small
and has a T dependence. Therefore, for the local-
enhancement case at low temperatures, not only y but also
P is effected by the spin fluctuations, and the resultant
value extracted from P is not the true Debye temperature.
The theoretical predictions also suggest that the effective
A,»,„value and the T lnT term both decrease with increas-
ing magnetic fields. ' '

The band-structure calculation by Cyrot and Lavagna '

for the cubic Laves-phase (MgCuz-type) compounds RMz,
where R is a rare-earth element and M is Fe, Co, or Ni,
show (1) that the density-of-states curves for these com-
pounds are nearly the same as their respective pure metal
M and are independent of the rare-earth element R, and
(2) that there is a good agreement between the calculated
and experimental y values for YFez and YNiz, but not
YCoz. Assuming that their density of states at the Fermi
level for YCoz is also valid for ScCoz and LuCoz, we have
estimated the mass-enhancement factor due to spin fluc-
tuations.

The total-enhancement factor A,,o«& (=g, ;„+g, b) js
given by

I +A„„,] m ", /m——=N(EF )/ND (EF),
where N(E~) and ND(EF) is the experimental and calcu-
lated density of states, respectively, at the Fermi level. By
using the ND(E~) value of Cyrot and Lavagna4' (0.367
states/eV atom spin) and the N(EF ) values calculated
from the zero-field y values, we determined the A,«„~
values shown in Table VII for the three RCo2 com-
pounds. The A,«„i values are quite large. The A,, zq value
for pure Co is 0.2, and Bennemann and Garland have

reported A,, ~i, ——0. 14, 0.35, and 0.42 for pure Sc, Y, and
Lu, respectively. The A,, ~i, values for the RCoz com-
pounds were calculated as the average value from the
component elements and are shown in Table VII. These
estimated values of A,, ~i, are not unreasonable, especially
since these compounds are not superconducting, and they
are probably correct within a factor of 2. The resultant
A,»,„values for these compounds are quite large, con-
sistent with our observations of the decrease in y with in-

creasing magnetic fields.

C. Stoner-enhancement factor

8 X &C/T

H=D T T=D K
(10)

However, she thought this might be due to the fact that
different samples were used for the two measurements.
This apparent violation of Maxwell's relation was an addi-
tional incentive to make both measurements on the same
samples, which we have done.

As shown by Heal-Monod and Acker et al. the field
dependence of the heat capacity is related to the tempera-
ture dependence of the susceptibility via Maxwell's ther-
modynamic relation

C/T(H) C/T(0) =(H /—T )[X(T) —X(0)], (11)

The Stoner-exchange —enhancement factor S=g/+D
can be estimated from the observed magnetic susceptibili-
ty extrapolated to 0 K (X) (see Table VII) and the Pauli
paramagnetic susceptibility at 0 K as determined from the
calculated density of states at the Fermi level (XD). The
XD value of 0.237&&10 emu/g-at. is calculated from the
ND(EF) value, which was reported for YCoz by Cyrot and
Lavagna. ' The calculated values of the Stoner-
enhancement factor for RCoz (R denotes Sc, Y, or Lu)
are given in Table VII and are seen to range from 15.5 to
25.3.

D. Maxwell's relation

Recently Heal-Monod suggested that the change in
the heat capacity as a function of magnetic field and the
change in the temperature dependence of the magnetic
susceptibility as T~O K for LuCoz apparently does not
follow Maxwell's thermodynamic relationship:

TABLE VII. The density of states at the Fermi level [ND{EF) and N{EF)],the mass-enhancement factor Q,„„~,A,, ~q, and A,,~;„), the
magnetic susceptibility at 0 K (Pp and g), and the Stoner-exchange —enhancement factor (S) of R Co2 (R denotes Sc, Y, or Lu).

Compounds
No(EF ) E(Ep)
(states/eV atom spin) ~total ~spin

Xo x'
(10 emu/g-at. )

ScCo2
YCo2 (35 at. % Y)
YCo2 (36 at. % Y)
LuCo2

0.367'
0.367'

1.30
2.34
2.16
1.88

2.54
5.38
4.89
4.12

0.18
0.25
0.25
0.27

2.36
5.13
4.64
3.85

0.237
0.237

3.67
6.00
5.33
3.96

15.5
25.3
22.5
16.7

'See text.
"Corrected for ferromagnetic impurity.
'Reference 41.
Calculated from density of states, Ref. 41.
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assuming that the low-temperature susceptibility varies as
T . Experimentally, below -4 K, X varies as T for all
four samples studied here, and thus in the limit as T~O
K we can use Eq. (11) to estimate the change in the heat
capacity as a function of the applied field. The results are
summarized in Table VIII, where it appears that
Maxwell's relation holds for all four samples in sign, and
in magnitude for three samples —the calculated depression
of the heat capacity for ScCo2 is too large. It is noted,
however, that the maximum field of the susceptibility
measurement (1.52 T) is significantly below the lowest
field of the heat-capacity measurements (2.50 T). Furth-
ermore, considering (1) the error limits on the heat-
capacity measurements (all measured changes in the heat
capacity as the field is increased from 0 to 2.50 T are
essentially zero), and (2) the error in determining
X(T)—X(0) (the difference at best is only a few percent), it
is difficult to say whether or not there is agreement. Be-
cause of these three reasons nothing definitive can be said
about the validity of Maxwell's thermodynamic relation at
this time. But since more precise heat-capacity measure-
ments at lower fields are extremely difficult to make, and
since significant changes in the heat capacities have been
observed above 2.5 T (see Figs. 1—5 and Tables II—IV),
susceptibility measurements on these four samples as a
function of temperature at high magnetic fields are clearly
needed to check Maxwell's relation [Eq. (11)].

5y/y(0) =0.1(S/lnS)h (12)

where lt is the reduced field and is equal to peH/king T, .
In 1980 Hertel et al. made a more detailed mathematical
analysis of the quenching effect of the spin-fluctuation
enhancement of the electronic specific heat by magnetic
fields. They have given the effective mass enhancement

k»,„(H)/X»;„(0) as a function of the reduced field h.
Quite recently, Heal-Monod and Daniel extended the

older work of Heal-Monod et al. and gave the following

TABLE VIII. Change in heat capacity predicted by
Maxwell's relation.

Compound

ScCo2
YCo2 (35 at. % Y)
YCoq (36 at. % Y)
LuCo~

~(c~~)1.52 T
(mJ/g-at. K )

—0.20
+0.01
—0.04
—0.001

h(C/T)z. ko T
(mJ/g-at. K )

—0.02+0.02
+0.04+0.04'
—0.07+0.06'
—0.05+0.04

'For T=1 K; the YCo2 experimental values vary with tempera-
ture because P changes with applied field. At higher tempera-
tures the two values listed tend toward zero.

E. Quenching of spin fluctuations by magnetic fields

Beal-Monod et al. have shown that the shift of the
electronic specific-heat constant at 0 K by an applied field
H,

[C(0)—C(H)]/C(0) = [y(0)—y(H)]/y(0) =ay/y(0),
should be

expression for the change in the electronic specific-heat
constant with field:

gy XpS ' H XpS'= —2.47 + 1.05y(0) y(0) T, y(0) T,
(13)

where Pz is the Pauli susceptibility at T=O K. The con-
stants were taken for the case T «H.

As shown in Figs. 4 and 5, the electronic specific-heat
constant decreases with increasing fields and at 9.98 T,
5y/y(0) is 10.3% for LuCo2, 7.2%%uo for ScCo2, and 3.8%
for YCo2 (36 at. %%uoY). Thi sstrongl ysuggest s tha t th ere-
ported T, value for LuCo2 (630 K) is unreasonably large,
by about 2 orders of magnitude. Namely, we calculate a
value of 0.05% for 5y/y(0) for LuCo2 by using Eq. (12),
and S=16.7 H =10 T, and T, =630 K, which compares
to the 10% value noted above for LuCo2.

The characteristic spin-fluctuation temperature T, for
ScCoz, YCo2, and LuCo2 can be estimated by comparing
our experimental results with the theoretical models. Fig-
ure 13 shows the shift of the electronic specific-heat con-
stant at 0 K, 5y/y(0), of ScCoz, YCoz, and LuCo2,
caused by an applied field H. The solid curves are taken
from Hertel et al. (S=10 and A»,„——0.37). The dashed
lines are the results of fitting the model of Heal-Monod
et al. [Eq. (12)] by assuming S=15.5 and T, =17 K for
ScCoz, S=22.5 and T, =29 K for YCo2 (36 at. % Y), and
S=16.7 and T, =15 K for LuCoq. T, values which
differ by more than +1 K would lead to poor fits of the
experimental data for the model of Heal-Monod et al. i

An attempt was made to fit the data to the model of
Heal-Monod and Daniel [Eq. (13)], but substituting the
experimental values for Xp, y(0), and S leads to large
coefficients (of the order of 10 ) for the (H/T, )" terms,
and the resultant values for 5y/y(0) are extremely sensi-
tive to the choice of T, [large changes occur in 5y/y(0)
for changes of 0.1 K in T,]. Thus, it was impossible to fit
the field data to a single T, value. However, values of T,
similar to those noted above (after the model of Beal-
Monod et al ) or below (after the model of Hertel et al. s)

will give 5y/y(0) values which are small and positive.
The experimental results are in good agreement (consid-

ering the experimental error) with the curves of Hertel
et al. for T, =(23+2) K for ScCo2, T, =(40+5) K for
YCo2, and T, =(18+2) K for LuCoi. The agreement of
the observed 5y/y(0) values with the H dependence [Eq.
(12)] is also good, but the curvature is less satisfactory
than that given by Hertel et a/. It is noted that the T,
values derived from the model of Hertel et al. are ap-
proximately slightly larger than those obtained from the
first model of Beal-Monod et al. , for the respective
R Co2 compounds.

The spin-fiuctuation temperatures derived from the two
models are more than an order of magnitude smaller than
the values calculated by Eq. (2). For example, for LuCo2
a value between 15 and 18 K is derived depending on the
model, which compares to a value of -630 K estimated
from the Fermi temperature. These spin-fluctuation tem-
peratures correspond to effective fields [Eq. (1)] of
5.5—6.6 and 230 T, respectively. This inconsistency may
require a new definition of the characteristic spin fluctua-
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tron states of the material, and the lower T, value being
due to a smail area of the Fermi surface (involving -0.01
of an electron per atom) having an extremely high density
of states (-1000 mJ/g-at. K ) and a correspondingly high

It is this A,»,„which is quenched by the applied
field, leading to a smaller A, value at high fields.

F. Uniform versus local enhancement
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In view of the magnetization and magnetic-
susceptibility studies one may wonder what the influence
of magnetic impurities might have on the observed heat-
capacity changes with increasing field. The total fer-
romagnetic impurity levels vary from -40 to -350
at. ppm, but from our measurements on other spin-
fluctuation materials [Sc (Ref. 7), CeSn3 (Ref. 8), and
Pd—O.S and Pd—1.0 at. % Ni (Ref. 9)], we have shown
that 0.08 to 0.001 electrons per atom account for the ob-
served heat-capacity changes. Assuming that a similar
number of electrons are involved in the R Co& compounds,
one might expect the number of impurity atoms (assum-
ing they contribute one electron per atom) necessary to ac-
count for the observed effects in the RCoq to number
somewhere between 10 to 10 at. ppm. 'This is about a
factor of 100 larger than the number of observed fer-
romagnetic impurity atoms. Thus the uniform-
enhancement model would appear to account for the ob-
served effects. However, if these ferromagnetic impurity
atoms polarize a large volume (-100 neighbors), then the
local-enhancement model would be the appropriate model.
Although we cannot rule out the local-enhancement
model we feel that the uniform-enhancement model best
describes the quenching of spin fluctuations in the RCo2
phases. Additional studies on RCo2 phases of much
higher quality probably could answer the question of
whether the observed behaviors are due to impurities (the
local-enhancement model) or if they are an intrinsic effect
of the RCo2 phases (the uniform-enhancement model).
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