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%'e report on specific-heat measurements of t,'Ho„Y& „)Co2 in the temperature range from 1.5 to
60 K. Sharp peaks at the Curie temperature T& and the spin-reorientation temperature T„charac-
terize the temperature dependence for 0.5 &x & 1. For 0.2 ~x ~0.4 the magnetic specific heat C
indicates spin-glass-like behavior, which appears to be in agreement with freezing phenomena ob-

served in magnetic measurements. From the analysis of the magnetic entropy 5, we deduce that

the induced Co moment can be referred to as itinerant in the sense of the Stoner theory. In the di-

lute Ho-concentration range, various anomalies are observed as, e.g., an enhancement of the
e8'ective electronic specific heat y and the elective Debye temperature eD «of about 400% and

100%, respectively} and significant upturns of the C~/T versus T' graphs together with a pro-

nounced reduction of the magnetic entropy. These anomabes are discussed in terms of spin Auctua-

tions; the loss of the magnetic entropy for x & 0.2 may point to an instability of the Ho moment.

I. INTRO)DUCTION

The cubic Laves-phase compounds RCoz (R =a rare-
earth element) attracted growing interest because of the
particular magnetic properties which are correlated with
the onset of itinerant-electron magnetism of the Co 3d
electrons induced by the local 4f moments. ' lf the
rare-earth element carries no moment in RCoz we have to
deal with compounds as YCo2 and LuCo2 which are on
the border to magnetism and are well known for their
exchange-enhanced properties ' and the occurrence of
spin Auctuations. In particular, YCo2 was supposed to
be an itinerant metamagnet, ' where the critical field of
the metamagnetic transition was recently predicted from
several band-structure calculations ranging from 90 to
350 T.

In the heavy rare-earth compounds RCo2 a Co mo-
ment of about Ips is induced by the 4f molecular
field. " The transition from ferrimagnetism to
para agnetrsm is of first order fo DyCo2 HoCo2 a
ErCo2 but of second order for GdCo2 and TbCo2. Bloch
et pl. ' discussed the first- and second-order phase transi-
tions in terms of the Landau theory. They suggested that
the order of the phase transition depends upon a change
of the sign of the Landau parameter 8 ( T) which appears
in the free-energy expansion in powers of the magnetiza-
tion. B(T) is the second term of this expansion and its
sign is intimately associated with the susceptibility of the
itinerant 31 electrons. Recently Duc et al. ' confirmed
this hypothesis with new experimental data on (Er,Y}Coz
which they analyzed with a further developed type of the
above-mentioned model' also including the contribution
of the rare-earth magnetization.

Therefore, pseudobinary systems as (R,Y)Coz where
the local 4f moment is diluted by Y are considered to be
good candidates to study the onset of the induced
itinerant-electron (Co 3d) magnetism. Around this con-
centration, where the induced moment occurs, freezing

phenomena in the magnetization and appreciable
anomalies of the transport properties in the form of
significant minima in resistivity and thermopower have
been observed recently. ' However, most of the
numerous previous investigations ' ' have been cen-
tered on the question "in which respect is the Co moment
induced, what is its extent of itinerancy and at which
internal molecular field does this occur." This is of
relevance for the critical fields of the metamagnetic tran-
sition in YCo2 predicted by band-structure calculations
since these are beyond the laboratory scale. Thermal-
expansion experiments confirmed the induced itinerant
character of the Co moment. ' '

Our initial object of the present work was to perform
specific-heat measurements on these pseudobinaries in or-
der to resolve the large anomalies in the resistivity and
thermopower which seem to be associated with the onset
of 3d magnetism. This was recently discussed in terms of
spin Iluctuations and/or a possible Kondo scattering
mechanism.

II. EXPERIMENTAL PROCEDURE

The samples were prepared by high-frequency melting
of 99.99%-pure Ho, Y, and Co under an argon protective
atmosphere. To avoid the appearance of foreign phases a
6-wt. % excess of 8 over the nominal stoichiometric
composition was used. After annealing under vacuum at
900 C for 1 week the samples were checked for phase
purity by Debye-Scherrer photographs.

The specific-heat measurements were performed in an
automated adiabatic calorimeter in the temperature
range 1.5—60 K. The calorimeter was calibrated and
tested using high-purity (99.999%) copper with the result
that the absolute accuracy is estimated to be better than
1% in the low-temperature range and +3% for T& 30 K.
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The magnetic phase diagram with the ferromagnetic
Curie temperatures Tc, the freezing temperatures TI,
and the spin-reorientation temperatures T„ is shown (Fig.
1). Tc, TI, and T„were determined by magnetization,
dc, and ac susceptibility measurements. At T, the easy
axis of magnetization changes froin [100] to [110].'
For x (0.4 freezing phenomena are already observed in
the magnetization, measured with and without field cool-
ing. These observations are in agreement with previous
magnetization measurements by Steiner et al. The ac
susceptibility curves exhibit sharp cusps not only at the
transition temperatures Tc and T„ in the long-range-
ordered regime (x ~ 0.4) but also at the freezing tempera-
tures T& for x &0.4. From a discontinuous change of the
magnetization and the resistivity at Tz together with
thermal hysteresis efFects it was concluded' that the
transition at Tc is of first order for x &0.6, whereas for
x=0.5 a second-order phase transition occurs. Reducing
further the Ho concentration no long-range order can be
detected from Arrott plots (for x &0.4) but freezing
efFects occur in the magnetization on cooling the sample
with and without field.

The concentration-dependent change of the type of the
magnetic transition from first to second order and further
to disorder can nicely be observed in specific-heat mea-
surernents shown in Fig. 2. For x=0.6 the peak at Tc is
very sharp and symmetric indicating a first-order transi-
tion; the rounded peak at Tc for x=0.5 points to a
second-order phase transition, but the spin reorientation
is still present. No transition to a long-range magnetic
order can be deduced from the broad maximum of the
specific heat for x=0.4 which also points to a random
freezing of magnetic moments.

These freezing phenomena seem to be dominant for
x &0.4 and give rise to a large magnetic contribution to
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FIG. 2. The temperature dependence of the specific-heat C~
of (Ho„Y& „)Co2 for 0.4&x &0.6 (arrows indicate Tc, T&, and
T, ).

the specific heat. Apart from the anomalies at T~, T„
and TI we observe a large nuclear specific heat due to the
hyperfine splitting of the I =—', Ho nucleus at low temper-
atures besides the nonmagnetic electron (C, ) and phonon
contribution (C „)to the heat capacity.

To analyze the specific heat we use the following ex-
pression:

C =yT+PT +C„+C
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with the electronic (y) and the lattice (P) specific-heat
coeScients, which are related to the density of states
N(EI) and the Debye temperature 8D, respectively. A
nuclear contribution to the specific-heat C„arises when
the (2I+ 1)-fold degeneracy of the nuclear state is re-
moved by the hyperfine field and/or the quadrupole mo-
ment giving rise to a Schottky-type specific-heat anomaly
associated with the eigenvalues

E /ks =a'm +P[m ,'I(I+1)]——
m =0, 1, . . . , 2I + 1 . (2)
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FIG. 1. Magnetic phase diagram of (Ho„Yl x)Co2 (4: Cu-
rie temperature Tc', 6: spin-freezing temperature T&., 0: spin-
reorientation temperature T„).

The parameters a' and I' are related to the hyperfine field

H, s and the quadrupole moment eg:

a'=(pIH, s)/(ksI),
I' =(3e qQ)/[4ksI(2I —1)] .

(3a)

The magnetic contribution to the heat capacity C can
have difFerent origins, in particular, for the long-range-
ordered and the spin-glass range. Therefore we subdivide



6.HILSCHER, N. PII.I.MAYR, C. SCHMITZER, AND E. GRATZ 37

the analysis of C of(Ho„Y, „)Coi into the long-range-
ordered regime (0.5 &x & 1.0) and the magnetically disor-
dered concentration range.

A. 0.5&x &1.0

Castets, Gignoux, and Hennion " deduced from inelas-
tic neutron scattering on a Hocoz single crystal that the
magnetic excitations follow the spin-wave dispersion rela-
tion co =coo+Dq with coo——6.1 THz and D=62 THz A .
The gap observed for a vanishing reduced wave vector q
arises from the action of the Ho molecular Seld upon the
Co ions and corresponds to a temperature To of 46.6 K.
C related to this spin-wave dispersion relation is given
by

C~ =BT exp( —To/T)
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with 8 = —", kii V [ks /(2Dh )] i according to Keffer. ~

The spin-wave-stiffness constant deduced from neutron
difFraction gives 8=4.3 mJ K ~ mole ' for Hoco2 with
a molar volume V of 38 cm mole '. In order to search
for the spin-wave contribution we analyzed the heat
capacity for x )0.5 from 1.5 to 10 K with the following
expres sion:

Cz —C„=y T +PT +BT i exp( —To /T) (5)

using a standard 1east-squares routine tNAGLIB, E04KcF),
The result of this procedure is an almost constant nuclear
specific heat per Ho atom for the concentration range un-
der consideration and a shght variation of y and P which
are given in Table I. However, we were not successful
in determining the spin-wave contribution 8T
exp( —To/T). This contribution is very smail compared
to the grand total heat capacity (of the order of 1% at 10
K, about 1 mJ mole ' K ') because of the large gap To

(C~ —C„)/'T-vs-T' graphs o& I,'Ho„~& „)Co2 &or

0.6&x (1; the Cp/T vs T graph of HoCo2 is shown for com-
parisofl.

and a comparatively small coefficient B. This is also
demonstrated in Fig. 3 where C~/T of Hocoi and

(Cz —C„)/T of (Ho„Yi „)Co& (x = 1.0, 0.8, 0.6, and 0.5)
is plotted against T . (C~ —C„)/T plots appear to be
fairly linear, indicating no signi6cant extra contribution
to Cp.

B. O.ogxgo. 5

In order to separate the various contributions to C in

this composition range it was necessary to assume that
the hyperfine field on the Ho nucleus, giving rise to the
large C„, remains almost constant in the spin-glass range
and even in the dilute concentration range below x=0.1.

TABLE I. y, P, Tc, T„, TI, and T"=T(C,„)for(Ho, Y, „)Co,.

0.000
0.020
0.040
0.050
0.060
0.100
0.125
0.150
0.175
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000

y
(mJ mole ' K

36.5
46.0
62.5
60.0
65.0
90.0

101.0
120.0
136.0
160.0
136.0
71.0
28.0
13.0

(mJ mole 'K )

0.500
0.274
0.249
0.232
0.216
0.199
0.186
0.168
0.159
0.161

1.451
1.507

1.322

27
40
51
61
68
78

22.0
22.0
20.0
18.5
17.0
16.0

2.2

4.6
10.5
16.5

11.0
10.2
10.2
10.2
10.2
10.1
8.5
8.1

8.0
9.1

12.4
16.9
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(a) and (b). (C~ —C„)/T-vs-T' graphs of
(Ho. V, , )Co, for 0 .x «0.15.

This is reasonable for the spin-glass range, since it is well
known that the hyper6ne field attains almost the full
value of the ordered compounds in this state ' and
breaks down only in the very dilute concentration range.
Therefore the above assumption appears to be rather
questionable for x&0.1. Thus we tried to determine C„
from the low-temperature upturn using a least-squares
routine, but the hyperfine parameters obtained turned out
to be unreasonably high, particularly in the dilute range
(x&0.125). However, appreciably low temperature up-
turns are observed in the (C —C„)/T versus Tplot-s, -

presented in Figs. 4(a) and 4(b), although the full C„per
Ho atom is used even in the dilute limit. Therefore up-
turns are supposed to arise from other mechanisms (such
as, e.g., spin fluctuations and/or Kondo scattering, to
which we come back later) since in any case we subtract a
larger nuclear contribution rather than one that is too
small.

ln spite of the enormous magnetic heat capacity (Fig.
5) y and P could be derived reasonably accurately for
0.0 gx ~0.2 from the fairly linear high-temperature part
of (C~ —C„)/T-versus-T plots shown in Fig. 6. For the
compounds with x =0.3 and 0.4, which are on the border
for the onset of long-range order, the large magnetic
hump extends up to high temperatures (40 K). To deter-
mine y and P for both compounds we therefore used, in-
stead of the high-temperature part, the low-temperature
part of the (C —C„)/T-versus-T plot, where the C
can be assumed to be drastically reduced. The y and P
values derived by these procedures are listed together in
Table I with the ordering temperatures Tc, the spin-

0 40 N QO 16Q 269 240 280
p2(g2)

FIG. 5. (C~ —C„)/T-vs-T' graphs of (Ho„Y, „)Co2 for
0.1 & x & 0.4.

reorientation temperatures T„ the freezing temperatures
Tf, and the position of the maxima of C
T'=T(C,„) The .variation of the effective y value
and the effective Debye temperature 8D with the Ho
content is graphically presented in Fig. 7. %e suppose
that the enhancement of y and 8D is predominantly of
magnetic origin (as spin fluctuations and/or presumably
the Kondo scattering mechanism).

To obtain the magnetic heat capacity we subtract both
the nuclear and the nonmagnetic heat capacity, whereby
the latter is approximated by the specific heat of the
exchange-enhanced Pauli paramagnet YCo2. This is
reasonable for 0.0 & x & 0.125 since the (Cz —C„)/T-
versus-T graphs of those compounds closely approach
that of YCoz at high temperatures. Only for x=0.2, 0.3,
and 0.4 are these plots shifted to higher C~/T values at
higher temperatures, which is, compared with the large
magnetic hump, presumably of minor importance for the
determination of C (Fig. 6).

Considering the freezing phenomena in the magnetiza-
tion we found that the magnetic heat capacity —obtained
as described above —displays broad anomalies with maxi-
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FIG. 8. (a) The reduced magnetic contribution to the heat
capacity C /x vs the reduced temperature T/x of
(Ho„Y& „)Co2 for 0.1 &x & 0.4. (b) C /x ' vs T/x of
(Ho„Y& „)Co2 for 0.15&x &0.4.

ma above the sharp susceptibility cusps, indicating also
that the magnetic moments are frozen in random direc-
tions.

Souletie and Tournier derived for dilute magnetic al-
loy systems that the thermodynamic properties can be ex-
pressed in terms of a universal function of the reduced
temperature T/x with x the concentration. This result is
based on the assumption that the magnetic interaction in
dilute alloys (as, e.g., CuMn, AuFe) proceeds via the
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction
which is proportional to 1/r „r is the distance between
the magnetic ions. With the use of the relation xr =1,
they deduced that for sufBciently low temperatures and
concentrations C /x scales with T /x. Figure 8(a)
demonstrates that C /x scales approximately with T/x;
however, a better scaling is obtained for 0.15 &x &0.4 if
we use C /x' instead of C /x [Fig. 8(b)].

Although the model was originally proposed for dilute
alloys, the present results indicate that a random freezing
of the Ho moments occur in the concentrated composi-
tion range despite of these deviations from the idealized
simple model. Nevertheless, this model also provides a
reasonably accurate description of this type of concen-
trated alloy since the magnetic interaction for rare-earth
metals always proceeds via the RKKY exchange, but can
obviously be applied for magnetic 3d impurities in the di-
lute limit only.

Below x =0.175 the system behaves distinctly
differently: The maxima of C remain almost constant at
about 10 K while the cusps of the ac susceptibility de-
crease steadily upon lowering the Ho content and C /x
appears to follow a universal function of T (Fig. 9). This
is probably correlated with the onset of an induced
itinerant Co moment st about this Ho concentration.

f0

0 4

FIG. 9. C /x vs Tof(Ho„Y, „)Co for0&x &0.2.
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IV. DISCUSSION
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Op values according to Buschow (Ref. 33). The reciprocal max-
imal y value 1/y (0) and the reciprocal critical concentration
1/x, ( 0 ) for the onset of long-range order of the pseudobinaries
(R YI „)Co2 as a function of the de Gennes factor.

One of the most remarkable features of the magnetic
phase diagram of these compounds is that more than
40% Ho (substitution) is necessary to establish long-
range magnetic order. This is noteworthy since it is well
known that the exchange-enhanced Pauli paramagnet
YCo2 is on the verge of magnetism as mentioned in Sec.
I.

Schwarz and Mohn demonstrated that the critical
field of the metamagnetic transition in YCo2 sensitively
depends on the volume: A slight volume expansion was
already supposed to reduce the critical Sield into a range
attainable in the laboratory. The appearance of magne-
tism in Y(Co, „Al„)z can be used as experimental evi-
dence for the above-mentioned predictions, since the sub-
stitution of Co by Al causes the lattice expansion re-
quired to stabilize magnetism via foregoing metamagne-
tism.

A comparison with other heavy (R,Y)Co& systems
(R =Gd —Tm) shows that the critical concentration x, for
the onset of magnetism depends on the magnetic ex-
change energy of the boundary compounds RCo2. x, be-
comes larger in these pseudobinaries as one proceeds in
this series from Gd to Trn since Tz and 0& decrease
linearly with the de Gennes factor (see Fig. 10): In a first
approximation we found that x,~ of these pseudobinaries
varies inversely with Tc and the de Gennes factor of the
respective RCo2 compounds. Additionally we suppose
from recent specific-heat measurements of (Dy,Y)Co&
(Ref. 30), (Tb,Y)Co2 (Ref. 31), and (Er,Y)Co& (Ref. 32)
that the maximum of the enhanced y value varies as x,
inversely with the de Gennes factor (at about or just
below the critical concentration}. The maximal y factor
of (Tb,Y)Co2 is 69 mJmole 'K (Ref. 31) and that of

the Ho system reaches 160 rnJmole 'K . For the Er
system we estimate from this plot that the rnaxirnal y
value attains 200 rnJmole 'K . For all RCo2 com-
pounds (R=Er,Ho, Dy, Tb,Gd) in Fig. 10 the ferromag-
netic and paramagnetic Curie temperatures (Tc,e )

were drawn from the review article of Buschow.
For a further discussion we subdivide the extended

magnetically disordered range (O~x ~0.45) into two re-
gimes since C behaves signi6cantly di8'erent for xg0.2
and x &0.2:

(i} The more concentrated range (0.2&x&0.45) is
characterized by pronounced freezing effects in the rnag-
netization and an approximate scahng of C lx versus
the reduced temperature T/x. Such a scaling behavior of
C indicates a random freezing of magnetic moments
with RKKY interactions. Ho~ever, a better scaling be-
havior of C is obtained if we use a C l(x ' )-versus-
T/x plot instead of C ix versus T/x. This deviation
from the simple scaling law may be caused by the appear-
ance of the induced Co moment for x ~0.2 observed in
the magnetization measurements. As it is also detected
in other spin-glass systems the broad maxima of C lie
above the sharp peaks of the ac susceptibility and vary al-
most linear with the concentration. The magnetic entro-

py per Ho atom remains constant and attains nearly the
theoretical value of 23.6 Jrnole K as in the long-
range-ordered range (Fig. 7}. This is a further strong in-
dication that the induced Co moment can be referred to
as itinerant in the sense of the Stoner theory since the
magnetic entropy (R In2) associated with spin —, can nei-

ther be detected in this regime nor in the long-range-
ordered concentration range x & 0.5.

(ii) In the dilute regime (O~x ~0.2) we find a difFerent
scaling behavior of C (C /x versus T) and an unusual-

ly large enhancement of y as a function of x [y='36
mJmole 'K 2 and 160 mJmole 'K ~ for YCoq and
(Hoo 2Yo s)Co&] together with significant low-tempera-
ture upturns of C /T-versus-T plots and an increase of
the Debye temperatures (see Figs. 4, 5, and 7). Further-
more, the magnetic entropy per Ho, S /x, is drastically
reduced. These facts, namely the loss of magnetic entro-
py and the low-temperature upturns of C~/T, cannot
simply be attributed to a Schottky peak belo~ 1.5 K since
the maxima of the magnetic heat capacity remain almost
independent of x at about 10 K for x (0.1. In order to
explain the low-temperature upturns of (C —C„)/T in
the dilute limit one may assume that a second Schottky
anomaly due to magnetic clusters occurs at lower temper-
atures. Ho~ever, this is rather unlikely; such an assump-
tion is not valuable to explain the large y enhancement as
a function of x.

There is no doubt that the transition from the strongly
enhanced paramagnetic state to long-range ferrimagne-
tism proceeds in this system not via a simple clearcut
spin-glass and cluster-glass regime. %e suppose that ad-
ditional spin lluctuations and/or Kondo scattering mech-
anisms contribute to the speci6c-heat anomalies ob-
served. In this regard it is noteworthy that the pro-
nounced resistivity minima just above Tz or TI appear to
be intimately correlated with deep minima of the thermo-
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power observed by Gratz et aI. '

From the above comparison of (Ho, Y)Co2 with the
other heavy (R,Y)Co& systems, we deduced that the max-
imal y and x, values vary inversely with the de Gennes
factor (see Fig. 10). This may be used as a hint that as
the magnetic exchange energy decreases in this series the
more unstable appears to be the 8 moment in the dilute
limit and the larger is the inAuence of spin fluctuations
and probably a Kondo scattering mechanism.

The recent theory proposed by Edwards presumably
accounts for the various anomalies observed in the Ho
system, as the large y enhancement, the reduction of the
magnetic entropy S /x below x=0.2 together with the
pronounced resistivity and thermopower minima. Ed-
wards discussed the breakdown of normal magnetic order
in R metals in terms of the magnetically ordered Ander-
son lattice: the Anderson lattice undergoes a phase tran-
sition from a magnetic to a nonmagnetic ground state as
the hybridization of the 4f states with the conduction
band is increased. As the magnetic instability is ap-
proached sharp but weak f spectral weight just above the
down-spin Fermi level hybndizes strongly with the con-
duction band and leads to rapidly increasing mass
enhancement. This mass enhancement is discussed in

terms of magnon energies; the detailed calculation uses a
constant magnon energy with a gap of 5 meV. The spin-
wave spectrum of HoCo2 indeed exhibits a gap of about 4
meV. Thus the transition from a magnetic to a nonmag-
netic ground state in (Ho,Y)Co2 may be discussed in

terms of this model: the increasing extent of hybridiza-
tion leading to the mass enhancement may presumably
arise from a reduction of the magnon gap as Ho is substi-
tuted by Y. Resistivity and thermopower minima are
detected for both compounds with a magnetic and a non-
magnetic ground state; the maximal y enhancement,
however, occurs at x=0.2 in the disordered regime, just
where Ho is on the verge of inducing the Co moment.
This theory can probably account for the reduction of the
magnetic entropy per Ho atom for x ~0.2 in terms of a
shielding mechanism of the local Ho moment.

The magnetic entropy obtained by integrating C /T is

shown for various x values as a function of temperature
in Figs. 11(a) and 11(b}. As already mentioned the mag-
netic entropy per Ho atom attains the theoretical value
for J=8 [R ln(2J+ 1)=23.6 Jmole 'K '] far beyond
the freezing temperature or Tc and remains roughly in-
dependent of x except for x & 0.2 [see also Fig. 7(a}]. This
finding gives evidence for the itinerant nature of the
induced Co moment since the magnetic entropy
(R ln 2=5.76 J mole 'K ') associated with spin —,

' can
neither be detected in the magnetically disordered nor in
the long-range-ordered concentration range. In contrast
to local moments, itinerant moments disappear at 1& and
therefore give rise to a large volume expansion just below

Tc and a vanishing magnetic entropy at Tc. The latter
can be shown easily by integrating C /'1, where C is
given within the Stoner theory,

C = —y T+P T

Both efFects —a large volume expansion' ' and the van-
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FIG. 11. (a) hand (b). 5 vs T of (Ho, Y)co2 for 0 g x & 1.

ishing magnetic entropy associated with the Co
moment —are observed.

Further evidence for the appearance of an itinerant
moment can be derived from a more detailed inspection
of the magnetic entropy in Figs. 11(a) and 11(b). Up to
x=0.2 the S (T) plots exhibit a negative curvature at
low temperatures while positive curvatures occur for
x y 0.2. This change of the curvature can be attributed to
the first negative term of C in Eq. (6) and is intimately
correlated with the appearance of an itinerant moment.
The positive curvature increases with the rising Co mo-
ment which attains 1p& and remains constant for x y 0,5.
Therefore we expect for x g 0.5 a constant positive curva-
ture of 5 since the leading term of the linear negative
magnetic heat capacity is the square of the itinerant mag-
netization, which is indeed observed. This seems to be
the first experimental evidence of the negative term of C
in the Stoner theory according to Eq. (6).

The enhancement of the l3ebye temperatures is a fur-
ther anomaly in the dilute Ho-concentration range.
Their determination is not unambiguous but is correlated
with the evaluation of the y values whereby the linear
high-temperature limit of the ( C~ —C„)/T-versus-T
plots were conservatively used. A comparison with the
Tb system shows that Kuentzler and Tari ' obtained a
minimum of OD at the critical concentration. However,
if we use their unevaluated data of (Tbo O5YO 9~)Co2 to es-
timate 8D we obtain fairly high {3D values at about x„
where y also exhibits a peak. Since spin Auctuations
and/or a Kondo scattering can give rise to the y
enhancement we tentatively suppose that spin Auctua-
tions also efFect the phonon contribution to the heat
capacity.
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Mohn, Wagner, and %'ohlfarth showed recently that
spin Auctuations in itinerant systems can give rise to a
positive efFective magnetic pressure while the appearance
of an itinerant moment in the Stoner theory leads to a
negative pressure causing a volu~e expansion. This
efFect has also been proposed by Pettifor ' and more re-
cently by Holden, Heine, and Samson. ' The common
feature of these theories is an expression for the magnetic
part of the thermal volume expansion which consists of
two competing terms with opposite sign.

This model seems to be consistent with the paramag-
non model where the low-temperature heat capacity is
given by

Cq ——AT+BT +DT lnT

with A =yo(1+A,, zh+AsF), 8 =P D inT—sF (A,, h is the
electron-phonon enhancement and Tsp is the spin-
fluctuation temperature). The spin-fluctuation enhance-
ment factor AsF and the coeScient D depend upon the ex-
tent of the spin Auctuations and both can be reduced by
an external magnetic field. This is plausible since a
suSciently large magnetic field causes an energy. splitting
of opposite spin states which is comparable or larger than
the characteristic spin-fluctuation energy (kTs„) to flip

the spin. Thus a magnetic field stabilizes the Auctuating
moments and quenches the spin fluctuations. In this
model the spin Auctuations reduce the Debye-lattice con-
tribution P, resulting in a smaller 8 value which corre-
sponds to a larger efFective Debye temperature. This is
consistent with the former model where spin Auctuations
also contribute with a linear term in temperature to the
specific heat and are discussed in terms of an efFective

pressure which cause a stiffening of the lattice or an
effective 8D enhancement.

Although the T lnT term could not be observed in

YCoz —as in many other known spin-Auctuation
materials —the application of an external field of 10 T
reduces the linear term A and enhances 8 in Eq. (7) by
about —4% and 18%, respectively. Ikeda et al. derived
from these experiments the evidence for the existence of
spin Auctuations and their quenching in external fields for
YCo2.

In this context one would simply expect that on substi-
tuting Y by Ho the growing Ho molecular field reduces
the spin Auctuations since this molecular field induces for
higher Ho content the itinerant Co moment. However,
just the opposite is observed. Both A. and OD increase
rather drastically. This implies —in terms of the above-
mentioned models —that the contributions of the spin
Auctuations increase up to x =0.2 where the itinerant mo-
rnent is started to be induced. By analogy with specific-
heat measurements of YCo2 in external fields these results

appear to be a paradox. However, considering the ran-
dom freezing of the Ho moments we suppose that the lo-
cal Ho molecular fields are also randomly oriented and
cancel each other and seem therefore to be of minor im-
portance for a quenching of spin Auctuations up to
x=0.2. Presumably the frustrated Ho moments with
their randomly oriented molecular fields give rise to the
enhancement of spin Auctuations for O~x &0.2. The in-

creasing extent of spin Auctuations derived from y and
ea enhancement seem to depend on the stability of the 8
moment and the extent of the disordered regime: the
lower the Tc of the respective RCo2 compound, the
higher the critical concentration and the maximal y
value (see Fig. 10).

Although the origin of the increasing contribution of
the spin Auctuations up to x=0.2 remains speculative, it
may presumably arise from an instability of the Ho mo-
ment. We can qualitatively explain the y and 8D varia-
tion in terms of the above-mentioned models. The in-
creasing extent of spin Auctuations causes a y enhance-
ment and gives rise to a lattice compression„but the ap-
pearance of the induced Co moment at about x=0.2 has
a counteracting effect upon both the effective y and 8D
values: qualitatively we expect that the stiffening of the
lattice, which implies an increase of OD, is compensated
by the volume expansion due to the occurrence of the
itinerant Co moment. With the increase of the induced
Co moment the spin fluctuations are gradually quenched
and y and 8D decrease but remain almost constant in the
long-range-ordered regime.

V. CONCLUSION

Significant anomalies in transport phenomena and
magnetic properties around the critical concentration for
the onset of magnetism make these systems attractive for
extensive heat™capacity studies.

The extended magnetically disordered region
(0&x g0.45) can be characterized by a superposition of
various effects: (i) the random freezing of the diluted Ho
moments, (ii) the occurrence of spin fluctuations, and (iii)
the induction of the itinerant Co moment by the Ho
molecular field.

The random freezing of the localized Ho moments ap-
pears to be the dominant contribution to the heat capaci-
ty for 0.15 ~x &0.45. The variation of y and 8D can be
explained satisfactorily by an increasing extent of spin
fluctuations which are progressively quenched for x ~0.2
as the Co moment is stabilized and long-range order is
approached for xy0.4. However, the detailed question
of what origin is the increasing extent of the spin Auctua-
tions remains speculative but may arise from an instabili-
ty of the Ho moment according to a model presented re-
cently by Edwards. The significant change of entropy
curves for rising x values indicates that starting from
x &0.2 an itinerant Co moment is progressively induced.
The grand total magnetic entropy per Ho atom remains
above Tc or the freezing temperature T& almost indepen-
dent of x for 0.2 &x & 1.0 and attains only the theoretical
value for Ho (23.6 Jmole 'K '). The vanishing mag-
netic entropy associated with the Co moment above Tc
gives together with magnetic and rnagnetovolume experi-
ments a further piece of evidence that the Co moment
can be referred to as itinerant in the sense of the Stoner
theory.
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