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Spin fluctuations in Y(Co, „Al, )2. A transition system
from nearly to weakly itinerant ferromagnetism
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The magnetic susceptibility g, the Knight shift E, and the nuclear spin-lattice relaxation rate
1/Tl have been measured in Y{Co, „Al„)2 over a wide concentration range of Al from a nearly fer-

romagnetic to a weakly ferromagnetic phase. The values of 1/Tl T from low temperature to high

temperature were found to be well described by the self-consistent renormalization theory of spin
fluctuations. From the analysis of 1/T, T the characteristic energy width of the dynamical spin-

Auctuation spectrum is systematically estimated through this concentration range. It was found

that these widths have quite di8'erent values on both sides of the critical concentration x =0.12, sug-

gesting a discontinuous electronic-state change with the onset of weak itinerant ferromagnetism.

I. INTRODUCTION

The C15 cubic Laves-phases intermetallic compounds
Y(Co, „Al„)2 in the concentration range 0. 13 &x &0. 19
show a typical weak itinerant-electron ferromagnetism. '

For instance, the Curie temperature T, and the spontane-
ous magnetic moment p, have substantially small values,
both of which have maximum values (T, =26 K and

p, =0.136ptt/Co atom) for x =0.15. Although the mag-
netic susceptibility X obeys the Curie-Weiss (CW) law at
high temperatures above Tc, the effective paramagnetic
moment p,z deduced from the Curie constant C by as-
suming C=N„g lstt p, tt /3ktt [where N„ is Avogadro's
number and g is the g factor (2 in this system)] has a
much larger value [(2—3)hatt] than does p, . The Arrott
plots of magnetizations ([M(T,H)] versus H/M(T, H)
plot ) show good linearity with almost the same slope
over a wide temperature region, typical for most weak
itinerant ferromagnets. We further note that [M ( T, O) ]
and [X(T)] ' obey the T relation over a fairly wide
temperature range around T, in good agreement with the
prediction of the self-consistent renormalization (SCR)
theory of spin fluctuations.

Recently, developments of the quantitative SCR
theory ' have enabled us to make comparisons between
experiments and the theory. Because the nature of the
spin fluctuations is characterized only by a few parame-
ters, we can estimate them from the results of experi-
ments such as magnetization measurement, neutron
scattering, and NMR relaxation measurement. Using
these parameters we can calculate other magnetic quanti-
ties such as Tz and g in the framework of the SCR
theory and compare them with experiments. In the
Y(Co, „Al„)2 system in the weakly ferromagnetic phase,
we can fairly well reproduce the observed temperature
dependence of 7 by using the spin-Auctuation parameters
evaluated from the results of magnetic and NMR mea-

surements. The quantitatively good agreement between
the experiments and the SCR theory has been now estab-
lished in this Y(Co, „Al„)z system even compared to
other typical weak ferromagnets such as MnSi, Ni3A1,
Sc3in, and ZrZnz. Very recently, Takahashi has dis-
cussed the magnetic properties of weak itinerant fer-
romagnets based on the assumption that the mean-square
local spin-6uctuation amplitude (SL ), including the
zero-point spin-fluctuation component, is almost con-
served. He derived a relation among the spin-fluctuation
parameters, leading to the reduction of the number of in-
dependent parameters by one compared with the SCR
theory. He derived not only the same results of the SCR
theory but a universal relation between the ratios of
p ff /p, and Tc /Tp. Het'e Tp is a parameter which was
introduced to characterize the energy width of spin-
fluctuation spectrum as will be defined later. This rela-
tion, which will be expressed as Eq. (19), gives a general
interpretation of the Rhodes-%ohlfarth plot. In our
previous paper, we showed the good agreement between
the experiments and his theory as far as this
Y(Co, „Al„)2system is concerned.

In the present paper, we report the results of the mag-
netic and NMR measurements crossing through the tran-
sition from exchange-enhanced paramagnetic to weakly
ferromagnetic concentration region of the Y(Co, „Al„)z
system. Measurements of the nuclear spin-lattice relaxa-
tion rate 1/T& in this case also give us the quite impor-
tant information in elucidating the nature of the dynami-
cal spin-fluctuation spectrum. For all the exchange-
enhanced paramagnets such as YCoz LuCoz 'T~Be2 and
Pd, both the linear electronic specific heat coeScient y
and the value of the susceptibility go at T=O K are
strongly enhanced by the mutual exchange interaction
among electrons. Magnetic susceptibility sometimes
sho~s a broad maximum at some temperature T~. '
Furthermore, it seems that the energy width of the spin-
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fluctuation spectrum is correlated with the temperature

T~ at which the X-T curve shows a maximum or the
Stoner enhancement factor 1/(1 —ao}, in the nearly fer-

romagnetic regime. The purpose of the present paper is
to extend our detailed analysis of the previous study on
this compound to the exchange-enhanced paramagnetic
region and to assess the effectiveness of the SCR theory in
this regime.

II. EXPERIMENTAL DETAILS

CD
I o

P 20 ...

oooo
o 0

0 oo
o o

x=OO5
o

o
o

o

o
0

10 po

oo0oo
o

0
0

0
0

oopooooooooo ooo oo ooo ooooo ooooo
x=O

The samples were prepared from 99.99% pure Y and
Co and 99.999% pure Al metals in an argon-arc furnace,
followed by annealing at 950'C for two weeks in evacuat-
ed quartz tubes. No phase other than the C15 cubic
Laves phase was detected by Debye-Scherrer x-ray
analysis in Al concentrations at x &0.2. The lattice con-
stants almost obey Vegard's law. ' The same sample was
used in both magnetic and NMR measurements. For
NMR measurements, the sample was crushed into Sne
powders in order to exclude the skin effect of rf field. The
temperature variations of magnetic susceptibility X(T)
were measured by a torsion magnetic balance and a
vibrating-sample magnetometer. The spin-echo NMR
measurements were performed with a conventional
phase-coherent-type spectrometer. The Knight shifts
K=(H„, H„r)/H„—, of Coand Alweredetermined
by the resonance field H„, and the reference field
H f ——v/yN with the resonance frequency v and the

59C
known nuclear gyromagnetic ratios of yz

'——1.0054 and

y." '=1.1094 (in units of 2m10 rad/secOe). The nuclear
spin-lattice relaxation time TI was measured by record-
ing the recovery of the spin-echo intensity after the appli-
cation of saturating comb pulses.

III. RESULTS AND ANALYSES
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FIG. 1. Temperature variations of magnetic susceptibi1ity X
of Y(Co, „Al„)2with x =0.00 and 0.05.

bility with the density of states deduced from the ob-
served y (Ref. 15) by assuming that the enhancement of y
is two. The estimated values of 1/(1 —ao) are also shown
in Table I. As seen from this table the enhancement is
substantially large and increases rapidly toward the ap-
pearance of ferromagnetism with increasing x. The gen-
eralized susceptibility for wave vector I in the interacting
system X(q) is also enhanced and given as

X(q) =Xo(q)/I 1 —ao[XO(q)/Xo(0)]I

with Xo(q} and Xo(0) being the dynamical susceptibility
for noninteracting system and its un&form component.
Here, the ratio of the enhancement of X(q) to that of X(0)
is the important quantity to see the behavior of X(q). The
modification factor for electron-electron interaction
R(ao) in the modified Korringa relation of the nuclear

A. Magnetic susceptibility

As shown in Figs. 1 and 2, the temperature variations
of the magnetic susceptibility show the systematic change
depending upon x through the transition from the
exchange-enhanced paramagnetic YCoz to the weakly
itinerant ferromagnetic region of x &0.13. For YCo2, the
X-T curve agrees well with those previously report-
ed. ' ' The temperature T~ at which the peak occurs
shifts toward low temperatures and comes around 10 K
for x =0.11. The magnetic susceptibilities Xo and 7 at
T =0 K and T =T are strongly exchange enhanced due
to the large Stoner enhancement factor 1/(1 —ao). The
observed values of the linear speci6c heat coeScient y,
for this system' exhibit paramagnon-enhanced large
values. For example, the observed value of y for YCo2
has been reported to come between 24 and 36
mJ/molK, ' ' while the calculated value from the
band theory was reported to be 13.7 mJ/molK;' the
observed values of y are enhanced about twice as large as
the estimation from the calculated density of states. The
observed values of T~, go, X~, and y are shown in Table
I. %'e have estimated the Stoner enhancement factor
1/(1 —ao) by comparing the observed uniform suscepti-
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FIG. 2. Temperature variations of the inverse d-spin suscep-
tibility 1/Xd of Y(Col „Al„)~with x =0.00, 0.05, and 0.11.
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TABLE I. The temperature T at which g shows maximum, the magnetic susceptibility +0 and g~ at T =0 K and T~, the linear
electronic speci6c-heat coeScient y, the Stoner enhancement factor 1/(1 —ao), and the ratio%'(uo) in the Y(Co, „Al„)2system.

0.00
0.05
0.11

250
145

—10

X(}
(10 emu/mol Oe)

2.17
4.21

13.9

(10 emu/mol Oe)

3.93
6.39

14.0

y
(mJ/mol K )

24-36
31
45

0. 19-0.28
0.14
0.04

spin-lattice relaxation time in the random-phase-
approximation (RPA) theory includes this enhancement
by the following expression:

(1—ao)
ao)=

I 1 —ao[Xo(q)/Xo(0)] I Fs

where ( )Fs denotes the average over the wave vectors
connecting two points on the Fermi surface. Moriya'
and Narath and Weaver calculated the values of%'(ao)
based on the RPA theory using the electron-gas-like band
and only taking account of the intra-atomic Coulomb in-
teraction. They found R(ao) is close to 1 when X(q) is al-
most uniformly enhanced in the q space as in the case of a
local-moment system, while %'(ao) is very small, of the
order of (1—ao), in the case of X(q) enhanced only in a
small-q region. In Table I we showed the value of Wao)
corresponding to the estimated value of ao. Through the
whole concentration range studied here R(ao) is always
much smaller than 1 as shown in Table I, implying that
X(q) is enhanced only in a limited small region around

q -0. We note here that the value of R(ao) estimated in
this way can be compared fairly well with the directly
measured one from the 1/T, experiment as will be dis-
cussed in the later section.

The d-spin susceptibility Xz has been estimated from
the E versus X plot as will be described in the next sec-
tion. We found that 1/Xd shows the CW law at high
temperatures as shown in Fig. 2. From the value of the
Curie constant C we have estimated the value of p« in
the paramagnetic region. We show the value of p,s in
Fig. 3 together with p, observed in the ferromagnetic re-

gion 0. 13&x &0.19. p,z shows the gentle change from
2.5p&/Co atom to 4.0ps/Co atom as a function of x and
its magnitude is fairly large compared with p, .

B. Knight shift and hyperline coupling constant

Y(Co) „Al„}2 ~ 5.50005 9Hz

59

The typical spin-echo spectra of Y(Co, „Al„)2 for
x =0.05 and 0.11 observed at the resonance frequency of
15.5000S MHz are shown in Fig. 4. These spectra resem-
ble those in the paramagnetic state of the weakly
itinerant ferromagnetic samples. The Co spectrum has
a simple shape for x =0.05 and 0.11 similar to YCo2
(Refs. 14 and 21) and shows a broadening due to the mag-
netic interactions depending upon temperature. The Al
spectrum shows the powder pattern with the quadrupole
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FIG. 3. Elective paramagnetic moment p,z. and spontaneous
magnetic moment p, plotted against Al concentration x in

Y(Col „Al }q.

FIG. 4. Typical spin-echo NMR spectra of Y{Co, „Al )2
with x =0.05 and 0.11 as functions of external Geld measured at
a resonance frequency at 15.50005 MHz. The magnetic fields
corresponding to zero Knight shift for both ' Co and 'Al,' K =0 and "E=0, are also shown.
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FIG. 8. Temperature dependence of the nuclear spin-lattice

relaxation rate 1/T&T of "Co in Y(Col „A.l„)2 ~ith x =0.00
and 0.05 measured at a 6xed frequency of 15.50005 MHz.

FIG. 7. Concentration dependence of the hyper5ne coupling
constant due to the d-electron spins. The circles represent
A hf {d ) estimated from the NMR results in the paramagnetic
state and the square symbols from the NMR results in the fer-
romagnetic state.

expect a linear relation between (1/T, T)d and Xd.

1/T, T =Rii)('d +p, (7)

ly large dependence on the Al concentration x as shown
in Fig. 7, together with the values of Ahf for ' Co and

Al in the ordered states of the ferromagnetic region
x &0.13. The absolute value of Ah&(d) decreased re-
markably with increasing x, suggesting that the positive
contribution to the hyperfine field becomes important for
large x. From this fact we expect the possibility of the
appreciably large amount of 4s electron polarization
through the s -d hybridization of the s -d exchange in-
teraction at the Co sites.

where the first term represents (1/T, T)d and the second
term p the sum of other contribution in Eq. (6). In Figs.
10 and 11 the values of 1/T, T are plotted against g with
the temperature as an implicit parameter. Furthermore,
in Fig. 12 (I/T, T)z/Xd of Co is plotted against tem-
perature for x =0.00, 0.05, and 0.11. Actually, 1/T, T of
s9Co and Al at finite temperatures satisfies Eq. (7). The
values of the constants Ro and p are shown in Table II.

I

Y(C008& Al&
& &

)2

C. Nuclear spin-lattice relaxation rate 1/T&

The temperature variations of the nuclear spin-lattice
relaxation rate 1/T, of s9Co for x =0 and 0.05 are shown
in Fig. 8 in the form of 1/T& T versus T plot. Figure 9
shows that of 1/T, T of Co and Al for x =0.11.

Generally, 1/T, T is decomposed as follows:

1/Ti T= (1/T, T)q+(1/T, T),„b+(1/T, T),

+(1/Ti T)d;p,

20) )
o

I= &0-

Ai

5S( 0

- 0.1

where (1/T, T)d represents the contribution of d electron
spins, (1/TiT)„b orbital moment contributions from p
and d electrons, (1/T, T), the Fermi contact contribu-
tions of s-conduction electrons, and (1/T, T)d;z the con-
tribution from the spin-dipolar interaction with p and d
electrons. Herewe ass,ume again that only (1/T, T)d de-
pends on temperature while other terms are assumed to
obey the Korringa relation 1/T&T=constant. Although
(1/T&T)d;~ due to d electrons is expected to show the
similar temperature dependence as (1/T, T)d, we neglect-
ed this term in comparison with (1/T, T)d. As will be
mentioned in Sec. IV, according to the SCR theory, we

& 5.50005 MHz

'0 &00 300
'

FIG. 9. Temperature dependence of the nuclear spin-lattice
relaxation rate 1 /T& T of Co in Y4', Coo 89Alo» )2 measured at a
fixed frequency of 15.50005 MHz.
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The coefficient %'o clearly shows the large dependence on
A1 concentration as shown in Fig. I3.

We next analyze the low-temperature data in terms of
the RPA theory, hoping that the renormalization eN'ect

from therma1 spin fluctuations may not be important at
low temperatures. We have evaluated the value of
(1/T, T)d at T =0 K from Eq. (7) by using the above es-
timated values of Ro and P. The results are shown in

Y(Co, „Ai„),

400
0

300 SQQ
T (s)

FIG. 12. Temperature dependence of (1/TI T)d/Id of ' Co
in Y(Co& „Al„)2 for x =0.00, 0.05, and 0.11. (1/T&T)d is al-
most proportional to gz, in good agreement with the SCR
theory for weakly or nearly itinerant ferromagnets.

2001{}Q

Table II as (1/T, T)d. In the RPA theory, ' (1/T, T)d
is written as

(1/Ti T)» ——Ed(nhks )(y~/pii )

X[—,'f'+ —,'(1 —f) P((a),
where f is the ratio of the density of de states to the total
density of states at the Fermi level and the ratio R(a) is
determined by Eq. (2). Since the energy of dy state is
higher than that of the de state due to the crystal field in
the C15 structure, the de state is considered to be almost
filled with d electrons of Co. Therefore, we can put f al-
most zero. If we use the observed values of (1/T, T)d, we
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FIG. 11. 1/T&, T of ' Co and 'Al in Y(Coo.89Alo. »)2 plotted
against the susceptibility g with the temperature as an imphcit
parameter.

FIG. 13. Concentration dependence of %'o for ' Co and 'Al
in Y(Co& „Al„)2,respectively.
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In order to treat the nearly or weakly ferromagnetic
metals, the SCR theory assumes the following I.orentzi-
an spectrum of the dynamical spin susceptibility g(q, ru)
in a small-q, co region,

Img(q, co) = X(0,0) ~I
q

1+q /2a 2coi+I" 2

with I given by

I
~
=I Oq(a +q ),

where the constant I o characterizes the energy width of
the dynamical spin-fluctuation spectrum, whereas the pa-
rarneter a is the inverse of the correlation length. %'e in-
troduce a parameter A by

&'=(1/2& )(&0/X),

where Xo is the number of atoms in the crystal. The
value of A gives the measure of dispersion of the wave-
vector-dependent static susceptibility in the small-q re-
gion. This behavior of Imp(q, co) has been confirmed
from direct measurement by neutron scattering experi-
ments for the typical weak itinerant ferromagnets MnSi
(Refs. 31 and 32) and NiiA1. ' For parameters 10 and
A we introduce two temperature scales To and T& as fol-
lows:

To ——I oui /2m,

Tq ——Aq~
2 (13)

where qz is the eft'ective zone boundary vector given by
(6ir /uo)', uo the volume per magnetic atom. In the
SCR theory, nature of the spin fluctuations is character-
ized by a set of relatively small number of parameters a,
p„F„T„,and To (Ei is the coefficient of the M term in
the Landau expansion of free energy which will be deter-
mined from the slope of Arrott plots). For theoretical de-
tails, see the Appendix. The SCR theory predicts some
relations among these parameters. For instance, Tc is
given as,

2 I /3
+s TA To

Tc 60ca

can estimate values of R(a) from Eq. (8) as shown in
Table II. 4'(a) shows good agreeinent with those values
shown in Table I evaluated from the value of a according
to Narath and Weaver.

Consequently, our analyses on 1/Ti T from a low-

temperature to high-temperature region strongly suggest
that X(q) is enhanced only in a small-q region in our
Y(Co, „Al )2 system. This situation is characteristic to
all the nearly or weakly itinerant ferromagnets. In such a
case the mean-square local spin-fluctuation amplitude
(SL ) is not easily saturated with increasing temperature.
Therefore, it is natural to assume the C%' law ofJ in this
system is not caused by the conventional mechanism of
the localized moment system but by the linear increase of
the thermal part of (SL ) with temperature as postulated
by the SCR theory.

IV. DISCUSSION

(1/Ti T)» 2y~k——~ g Ahf(q) ImX(q, coo)/coo, (16)

wliefe A hf(q) is the wave-number-dependent hyperfine
coupling constant and coo the NMR frequency. Since for
weak itinerant ferromagnets contributions from small-q
components dominate in the above q summation, Ahf(q)
is well approximated by Ahf(0). By putting Eqs. (7) and
(10) into Eq. (16), we obtain the d spin contribution to
1/T, T in Eq. (7) together with the relation between I 0
and Ro as'

( 1/T i T)» ——&(yY»

with

o
lrN ~ir(d)]'uo

4' I gpss

(18)

From Eq. (18), we can estimate I 0 from the observed
values of +0, &hi(d), and uo, and then, To from Eq. (12).
The estimated values of I o and To are sho~n in Table III
together with the value of Uo for x =0.00, 0.05, and 0.11.
To is also shown as a function of Al concentration in Fig.
14 together with Tc in the ferromagnetic region. The
values of To estimated from 5 Co and Al NMR di6er
for high concentration x. Since (1/T, T)» is proportional
to 1 Q 3 hf(d ), this discrepancy in To is ascribed to the
difFerence between the values of (1/T, T)»/[yiv 3„&(d)]
for Co and Al. We suppose that only Ahf for Co
shows the large concentration dependence compared with
that for Al, which gives rise to the concentration-
dependent discrepancy of To. If we use the relation de-
rived by Takahashi as

5~i To =4k' T

To can be also estimated from the following relation:

TA.BLE III. Estimated values of I 0 and To together with Uo

(see text).

0.00
0.05
0.11
0.11

59co
"Co
59co

Al

UO (A3)

23.50
2S.OO

27.17
27.17

r, (A'. 'k, )

909
724

2687
4423

To (K)

365
273
932

1534

with

c = 3 '"(1/2~)'"I (4/3)g(4/3) =0.3353. . . .

If we know enough number of parameters from experi-
ments, we can check these relations and the quantitative
validity of the SCR theory, as has been done successfully
for several weak itinerant ferromagnets.

The parameter I o can be deduced from the measure-
ment of the nuclear spin relaxation rate (1/T, T)». In
terms of the imaginary part of the dynamical susceptibili-
ty for d electrons, (1/T, T)» is generaHy expressed as fol-
lows:
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FIG. 15. Model of free energy I' (M) as a function of rnagne-
tization M. (a) and (1) Correspond to the cases of x &0.12 and
x & 0. 12, respectively.
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FIG. 14. Concentration dependence of To in Y(Co& „Al„)2
together with that of T, . Open circles represent To evaluated
from ' Co NMR and closed circles those from 27A1 NMR,
Crosses show To estimated from the magnetization measure-
ments by using Takahashi's theory. '

energy difference between these two states hE is very
small, relative position of these energy levels is easily
upset. Therefore, we assume for x &0.12 the situation as
shown in Fig. 15(b). The ground state becomes ferromag-
netic in this case with the spontaneous magnetization of
M3 and the metamagnetic transition does not take place
any more. The large change of hyperfine coupling con-
stant for Co may also be understood associated with the
discontinuous change of the electronic state.

)5/6
k

1', Fi

1j2

(20)

Here, only by using parameters from the magnetic mea-
surements we can evaluate the values of To for the fer-
romagnetic samples. The values of To thus evaluated are
also shown in Fig. 14 by cross symbols. %e have a good
agreement between the estimated values of To directly
from observed (1/T, T)d and the one from Eq. (20) as
seen in Fig. 14. It should be noted that estimated values
of To are always substantially large compared with the
value of Tz in this system, which is characteristic to the
nearly or weakly itinerant ferromagnetic regime. The
most interesting feature of the concentration dependence
of To is that To has quite difFerent values in both sides of
the critical concentration x -0.12 of the appearance of
ferromagnetism. This suggests that the electronic state
change does not occur continuously but discontinuously
at this concentration. This picture seems to be consistent
with the results of the high field magnetization measure-
ments at 4.2 K, in which the distinct metamagnetic tran-
sition originated in YCo2 is broadened and disappears on
the onset of ferromagnetism. This situation can be un-
derstood based on a simple model of free energy as a
function of the uniform magnetization shown in Fig.
15(a) and 15(b). We assume that Fig. 15(a) is reahzed for
the paramagnetic phase x &0.12. %hen the high field is
applied on the system (the situation under the critical
field Hc of the metamagnetic transition is showa by the
broken line), the magnetization rapidly increases from
M, to M2 as the first-order transition, and the electronic
state of 3d electrons will also change dramatically. If the

V. CONCLUSION

The magnetic properties of Y(Co, „Al„)z have been
investigated by the spin-echo NMR experiments from a
microscopic and dynamical point of view. The observed
temperature dependence of X and (1/T, T)d has been
well described by the SCR theory over the wide tempera-
ture range. From the analysis of the Knight shift and
1/T, at low temperatures we conclude that the spin fluc-
tuations in this system have a local character in the q
space, consistent with the appearance of the nearly and
weakly itinerant-electron ferromagnetism in this system.
From the results of (1/T, T)z the characteristic spin-
Quctuation temperature To has been determined through
the whole concentration region of x &0.19 according to
the framework of the SCR theory. To has a substantial-
ly large value in contrast with the small value of Tc simi-
larly to other typical weak itinerant systems. The con-
centration dependence of Tp shows quite interesting dras-
tic charge around x =0.12, suggesting that the electronic
state of 3d electrons changes discontinuously around this
concentration. This fact shows a good agreement with
the results of recent high field magnetization measure-
ments.

The remaining problem is how to understand the ori-
gin of the maximum in the g —T curve for some strongly
exchange-enhanced paramagnetic cases. One idea, due to
Moriya, is to associate this feature with the negative
mode-mode coupling among spin-fluctuation modes,
which comes from the negative curvature of the density
of states at the Fermi leve1. The rapid increase of 7 at
low temperatures and the origin of maximum of 7 in FeSi
were explained by this mechanis. Based on the same
mechanism, Takagi and Yasuoka explained the temper-
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ature dependence of 7 in TiBe2. On the other hand,
based on the Stoner model %ohlfarth pointed out the im-
portance of fine structures of the density-of-states curve
near the Fermi level as the origin of the g maximum.
The appearance of the maximum in 7 seems to be quite
generally not confined to the nearly itinerant ferromag-
netic cases. Recently, a lot of heavy Fermion systems has
often been found to exhibit similar behavior. %e notice
here the existence of some correlations between To and
T~ or To and 1/(1 —a) in the small-concentration region
of this system. The value of To decreases with decreasing
T~ or with increasing 1/(1 —a); TO=365 K, T~=250
K, 1/(1 —a)=8-13 for x =0.0; To ——273 K, T~ ——145
K, 1/(1 —a)=19 for x =0.05. In order to understand
the origin of the maximum in the X-T curve associated
with these correlations, further experimental studies and
theoretical developments are needed.
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APPENDIX: THEORETICAL ASPECTS
AND EXPERIMENTS

F(M)= M + FiM —+ 2paHM-
2Xo

with

a =rp=2ryo

F, =p'F, =(p'/p) —(p" /3p),

(A2)

(A3)

This section is written for help in understanding
theoretical concepts and the meaning of the spin-
Auciuation parameters, and also as a guide for ihe present
analysis. The theoretical study of this section is in accor-
dance with Takahashi and Moriya and Moriya. '

In the Hartree-Fock Stoner theory, the free energy per
magnetic atom is given by the Landau expansion as

p, =2M(0)=2 2(a —1)

1 /2
2(a —1)=2p

F)

These Hartree-Fock expressions, however, are not
correct at 6nite temperatures„since the efkcts of spin
Iluctuations are not included in the system. In the SCR
theory, in order to renormalize the elects of spin Auctua-
tions into the thermally equilibrium state self-
consistently, the contribution of the couplings among
difFerent modes of spin Iluctuations A(q, co) has been in-
troduced into the RPA expression of the transverse
dynamical susceptibility as

Xo +(q, co)
X +(q, ~)=

I+A(q, co) IXO +—(q, u)
(A6)

(q, co)~, A—,'a p , F—~Tg gX +(q, iso~),
rn q

(A7)

where co =2mmT and m is an integer. This relation can
also be derived from phenomenological theories. ' ' In
the SCR theory we need to solve Eqs. (A6) and (A7) to
obtain A, and X +(q, co). For that reason, the following
expansion form of the noninteracting dynamical suscepti-
bility for small q and small co/q has been introduced for
weak ferromagnetic metals as

+(q co)=X +(0 0)(l —Aq + +iCa)/q) (A8)

The expression of A, contains the contributions of zero-
point and thermal spin fluctuations. Since the former is
expected to be temperature independent in the weak fer-
romagnetic regime, we have deduced I, from these equa-
tions by leaving only the thermal contribution as

(1+5)F,
27Tp

For a weakly itinerant-electron ferromagnet, A(q, ru, ) can
be approximated by A,(0,0). A rotationally invariant for-
malism of the SCR theory ' derives the following ex-
pression of A, :

where M is the magnetization in units of 2p& per magnet-
ic atom, go the susceptibility in units of 4p& pcr magnetic
atom without electron-electron interaction, p the density
of state per magnetic atom at the Fermi level, p' and p"
its derivatives, and I the intra-atomic exchange integral.

The magnetic equation of states is determined by
minimizing F(M) with respect to M as

with

(A9)

5=XO/aX=(1 —a+2)/a . (A10)

xy J-d Cco/q
o exp(co/T) —1 (5+ gq2)2+(C~/q)2

2PaH 2(a —1)F)M =
M p

This equation is exactly equivalent to th Arrott plot ex-
pression of magnetization. Therefore, we can obtain the
M term coefBcient E, from the slope of the Arrott plot.
In particular the spontaneous magnetization in units of
p& per magnetic atom at T =0 K is obtained by

x =5/A = =(I/2A )(Xo/X),
2o.'7 A

I ~=(A/ )C(qx +q )= I oq(a. +q ) . —

(Al 1)

Therefore, we have X(q,co) as Eq. (9). Here, A and I 0 are
very important parameters to characterize the form of

For the dynamical susceptibility, we note the relation
X +(q, ~)=2X(q, co) and introduce the following parame-
ters as:
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S(q, co) =2[1—exp( to—/T)] 'ImX(q, co) . (A13)

X(q, co ). The value of A and I 0 are determined directly

by the neutron scattering which measures
determined by the experiments.

ct~Js, («P),Ft, A = ANo/P (or T„),
I o——A/C (or To) .

(A14)

As described in Sec. IV, this form of X(q,co) in Eq. (9) was
confirmed to be valid for weak ferromagnets by neutron
scattering experiments. ' " The parameter I 0, which
means the energy width of the spin-fluctuation spectrum
of Eq. (9), is also determined by the relation between the
nuclear spin-lattice relaxation time and the static suscep-
tibility as in Eqs. (17) and (18).

As a matter of convenience for treatments, the charac-
teristic temperatures To and T„are introduced for I"o
and A as Eqs. (12) and (13). As seen in Eqs. (9)—(13),
(A9), and (A10), the spin Iluctuations are expressed in
terms of only following 6ve parameters which can be

In the SCR theory, consequently, we can describe the
magnetic quantities by using these five parameters. For
example, Tc is expressed by Eqs. (14) and (15). The mag-
netic susceptibility above Tc is also written by these pa-
rameters in an integral form by using the digamma func-
tion. As mentioned in the text, we have obtained quanti-
tative agreements between experiments and theoretical
calculations by using spin-fluctuation parameters which
have been evaluated by other experiments such as neu-
tron scattering and NMR relaxation time measure-
ments. '-'
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