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An analysis of spin-fluctuatiofSF) effects in itinerant electron magnets with antiferromagnetic instabilities
is presented in two well-distinguished regimes of SF’s. One, related to soft-(8ddefluctuations, is domi-
nated by strongly coupled low-frequency SF’s giving rise to the increase of the unsaturated local magnetic
moments with temperature. The other, the localized moméndy regime, is characterized by dispersionless
SF's, local in the real space, and by saturated thermally induced moments giving rise to the Curie-Weiss
susceptibility. It is shown that both thermal and zero-point SF’s play an important role in SM as well as in LM
regimes. The presented description of the SF behavior generalizes the conventional mode-mode coupling
theory based on a weak-coupling constraint and establishes a link between SM and LM regimes of SF'’s.
The results are shown to give a quantitative description of the SF behavior and effects of frustration in the
Y (SoMn, system[S0163-18206)00245-7

l. INTRODUCTION Ginzburg-Landatt'? and microscopic Hubbatd®® or
Fermi-liquid* models were based on two important con-
During the past two decades investigations of itineranstraints. Namely(i) mode-mode coupling of SF's was con-
electron magnetism were focused on studies of spinsidered to be weak and SF effects were described in the
fluctuation (SP) effects in metals close to a magnetic insta-lowest order approximation in SF amplitudes, diid only
bility which are strongly influenced by overdamped fluctua-soft-mode SF’s with wave vectors closede- Q were taken
tions of the magnetic order parametelhe overdamped into account. However, neutron-scattering experinfeats
SF’s were directly observed in a series of weakly ferromagtheoretical estimatés'® for itinerant magnets close to an
netic metals by inelastic neutron scattefiigvhich was cen-  instability present the direct evidence for strong spin anhar-
tered mainly near the origin of the Brillouin zone, presentingmonicity characterized by the dimensionless paramegger
evidence for softening of the characteristic frequency ofvhich at low temperatures is not small,
long-wavelength SF's. Another example of the soft-mode M2/ W2NZ~1 e
SF's is presented by the antiferromagnetic itinerant electron Yo L ABNe™ 4
system YSoOMn, exhibiting a heavy fermion behavior, (whereN, is the density of itinerant electrondue to effects
where the paramagnetic state is stabilized by doping witlof zero-point SF’s. Thus constraifi) perhaps does not hold
small amounts of Sc. The previous neutron-scattering medn real materials. Conditiotii) is fulfilled below a certain
surements on powder samples revealed a strong magneti€mperatureT, where the SFws{(Q) frequency softens.
respons;ﬁeae_x&ed around the antlferrgmagnetlc wave Ve.CtQ\rbove T, ws,:((j) increases proportionally to the inverse
Q=15 A"~ and allowed us to estimate local magnetic susceptibility, and the soft-mode features of SF’s disappear.
1mgmentshon Mn.ator:nM,_ rk:elng at low temperaiures abofjt To account for strong mode-mode coupling and soft-
3ug (Whereug is the Bohr magnetdrdue to strong zero- ,4e pehavior of SF's a soft-mod&M) theory>1® based

H 16 . .
point SF's. .Recently performed neutr(_)n-scatterlng EXPEII" 5y a variational approach was recently worked out extending
ments on single crystals of (89Mn, discovered strongly the conventional SF theory of itinerant magrets!4 be-

zin|sotrop|c and flat SF spectrum near the wave VeCto{/ond a weak-coupling limit. So far the SM theory was used
Q~(1.25,1.25,0)(in reciprocal-lattice units described by o describe itinerant magnets close to a ferromagnetic insta-
the SF frequencyws{Q) almost linearly dependent on bility with an isotropic spectrum of SF's. The compound
temperatur&. The unusual SF spectrum was related to theY(SoMn, presents an example of a different SF system with
effects of geometrical frustration and to the heavy fermionhighly anisotropic spectrum of antiferromagnetic fluctuations
behavior exhibited by the BoMn , systenf1° strongly influenced by effects of frustration. In the present
So far the descriptions of itinerant magnets close to gaper we analyze the effects of anisotropic SF’s in itinerant
magnetic instability within both the phenomenological magnets with antiferromagnetic instabilities. A particular
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emphasis is made on the anomalous properties of th@ghereq, is defined by the volume of the Brillouin zone
Y (SOMn, system in the paramagnetic state. In Sec. Il bas-

ing on recent inelastic neutron-scattering experiments in )
Y(SOMn,,2 we introduce a model for an anisotropic SF’s No=5_29.c0zc- ©)
spectrum. Then in Sec. Il we use the fluctuation-dissipation
theorem to distinguish between different SF regimes: a SMVe also introduce a frequency cutoth<wc, where wc
one governed by low-frequency SF’s with strong spatial disshould be inferred from the experimental data.
persion, and localized momenfksM) regime characterized
by almost dispersionless SF’s related to fluctuating localized Ill. LOCAL MAGNETIC MOMENTS
atomic moments. To describe SF behgv%i?ﬁr in the SM regime AND DIFFERENT SF REGIMES
in Sec. IV we use the SM theory of SF’$;°and in Sec. V . . L
we apply the fluctuation-dissipation theorem to discuss quan- One of the most Important char'actensncs of SF's is the
tum effects of SF’s in the LM regime and the crossover from2Verage squarezd ar_‘npll_tude of SF's, or squared Iocal_ mag-
the SM to the LM regime. The results are applied in Sec. y|netic rpomentMLwhlch is related to dynamical susceptibil-
to describe the SF behavior of théS)Mn, system which ity x(d,) via the fluctuation-dissipation theorefADT),*
exhibits heavy fermionlike behavior due ta 2lectrons’ R
Finally, Sec. VIl is devoted to a summary. wwsHd) (N })

w*+wga) |

"2
— (M2)~t (M2
SF spectra in metallic magnets influenced by frustration R (ML)I (Mize- @
may essentially differ from those in isotropic itinerant Here x(q)=x(q,0) is the static susceptibility,
magnets? Frustration resulting either from competing ex- Se@y=ce=J c(d)=c da/(2773), > ,=J2Cdw/2m, and the fac-
change interactions or due to the crystallographic structurrteOrS ch[expﬁz)/kB'l')—l]*l ando 1/2 define thermal
may give rise to a degenerate ground state and to a highl%/M 2) gnd zero-point K12) ,p contributions toM?2 , respec-
anisotropic SF spectrum, flat in one or several directions;. /T P L/zp ' P
The effects of frustration were studied mainly in the case oit'VEIy'
the Heisenberg model on Kagore pyrochlore lattices”* In the quantum temperature range when
but they are also expected to play an important role in me- keT<hwc, ®)
tallic magnets of the YMn type: the lattice structure of these
Laves phase compounds is similar to the pyrochlore structhe frequency integration in E¢7) yields the following ex-
ture. To account for effects of frustration in itinerant magnetsplicit expression for the thermal contribution k7 :>*2
we use the model for the dynamical magnetic susceptibility

MZ=1212, > x(q)
q w
Il. SF SPECTRUM: EFFECTS OF FRUSTRATION

X(ﬁ,w) which was recently suggested to describe anomalous N = ﬁ“’SF(a)
properties of YSoMn,,*° (MD~ SkBTC@EgCC X(@6G 27kgT
. . . @ _ - LW -
X HQ+0,0)=x HQ+a)—i g =xg +e(A i =3kgT > x(0). C)
c(g)=c(qr)
2
R ) o Here
Here we assume thg{q,w) has a maximum at a finite wave
vectorq=Q , around whichc(q) may be expanded in pow- G(2)=27[Inz—1/22— ¥ (2)] (10)
ers ofq, [whereW (z) is Euler’s psi functiofhis a rapidly decreasing
. 5 A function of z accounting for quantum effects. This allows us
c(q)=a,01 +axd; 3 to introduce a thermal wave vector cutafﬁ which can be

whereqf =g+q5, and the relaxation rate is almost con- estimated fronﬁFc(ﬁT)~min{kBT,_ﬁFcC}. The integration of
stant,I'=const. The model defined by Eq®) and(3) de-  EQ. (9) [see below, formul#17)] yields a more precise defi-
scribes overdamped SF’s with the characteristic frequency nition,

s @) =T[xg +c(d)], (4) ) et
. - 2 . c(gr)=cr=ccx{ Tm (11)
softening aroundg=Q and is supported by the neutron- 1 T>T
scattering measurements ifSMn,,2 where a flat in the ' m’
[001] direction [which is related to the axis in Eq.(3)] where
spectrum was reported near the wave vector
9=(1.25,1.25,0) r.l.u. Tm="Alcc/aoks (12)

a cutoff wave vectoﬁc= ((LC ,dzc), efficient.
R ) Formula(9) provides a natural separation of the SF be-
c(g)=<c(gc)=cc, (5)  havior into two well-defined regimest) the SM one, when
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xq'(T)<cr, (13)
and (ii) the LM regime arising at higher temperatures when pM 2
L

xq'(T>cc. (14

As it follows from Eq.(9) the SM regime is dominated by

thermally excited soft SF’s with energié&)sp((i) <kgT. On
the other hand, in the LM regime SF’s are almost dispersion-
Iess,hwsp(ﬁ)~FX51, and local in real space, which allows
us to describe them in terms of LM. In the intermediate-
temperature range defined lby< X51(T)scc a crossover
from SM to LM regimes takes place. Here we do not discuss
the low-temperature regimecT<X51%const(l'), where
SF’s give rise to a conventional Fermi-liquid behavior.
Anzalogously, one can estimate the zero-point contribution
to My,

-1
fXo
Cc

3
(M{)zp=—AT Noery : (15

wheref=wc/T'cc and

2
1+

C 2
= 16 M,
wéF(q ( ) i

1
Cl]_:N_ 2 |n

Oc(g)=<cc

As it follows from Egs.(15) and(16) the zero-point contri-

bution toM? dominates at low temperatures and vanishes in
the high-temperature limit. Temperature dependences of lo-
cal magnetic moments in the different SF regimes are illus-

trated by Fig. 1.

IV. SF BEHAVIOR IN THE SOFT-MODE REGIME

As it follows from Eq.(9) the thermally excited magnetic
moments increase with temperature in the SM regime,
1/4

NoCt
(ME)7=15aT—_571-, (7
c

as~T>*in the quantum temperature rangesT,,, and as
~T in the classical limit,T>T,,, whereT,, is defined by
Eq. (12) with ag=[T'(5/4)/4cos/8)]*. It should be empha-

sized that in the frustrated systems with an anisotropic SF

spectrum the temperature dependendd?);~T%* for

T<<T, is close to a linear one whereas for isotropic anti-
ferromagnetic fluctuations with a quadratic dispersion

c(q)~q? one ha (M?);~T32

The zero-point contribution tME according to Eqs(15)
and (16) is slowly changing with temperature due to the
variation of xo(T),

(MP)zp=Mo =30 Yoxo(M17%, (18)
whereM? is given by Eq.(15) with x5'=0 and

5 fL’}/OFNO ( wc
=——a,

9= oo Tco (19

is the spin anharmonicity parametér® Here
ay(f)=2[3dx/(x®+f?)<1 is a dimensionless parameter,
and yo=29°F/d(M%)? is the SF coupling constant defined

M2
L

FIG. 1. Temperature dependence of local magnetic moments.
(ME)ZP and (Mf)T correspond to zero-point and thermal SF contri-
butions, respectivelyMﬁff is the squared saturated moment, the
temperatureT; indicates the crossover to the localized moments
regime of SF’s. The upper curves describe the temperature depen-
dence of the total squared local momer: (@ when
MZ/MZ(T=0)<1, (b) when M3/M?Z(T=0)=1, and(c) when
M2/ MZ(T=0)>1.

by the Hartree-Fock free energiy(Mg) (whereMg is the
magnetic order paramejer Using the approximations
Yo~ (1aNaxp) 1 AT ~ugNe, andce~x, * (where x, is
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the Pauli susceptibility following from the microscopic
model of Moriya! we come to the previous estimate Ei) Xq (T)=xg"(0) )
for the spin anharmonicity parameter.

The temperature dependence of the susceptibdigyT) with the paramagnetic N temperature
in the SM regime arises due to mode-mode coupling of soft
SF’s. However, the conventional SF theory of mode-mode 0 =T,[ nCcxo(0)] Y4, (26)
coupling in weak itinerant antiferromagnéts based on the
weak-coupling constraint and cannot be applied to real magvhere =5/4 for T<T,, and =1 for T>T,. Here
nets where spin anharmonicity is expected to be strong

T\A

1+ , (25

go~ 1. To account for the effects of strong spin anharmonic- _ aga(f) )

ity we use the SM theory of SFRefs. 15 and 1pbased on K 57g 27)

a variational procedure. According to Ref. 15 the free energy

of an anharmonic itinerant magnet is given by is a dimensionless parameter expected to be of order unity in
anharmonic itinerant magnets.

1 The temperature dependence of the susceptibility(Zs).
F=Fo+ ZAFRPA(XQ)y (200 in the SM regime may be interpreted in terms of the Curie-

Weiss law

where AFgpa(X0o) is the SF contribution to the free energy

in the random-phase approximatiRPA) (see, e.g., Ref.)1 = Cer(T) 08

The factor {=3d(xq")/d(xqs), Where xqo is the Hartree- xM=5"g (28)

Fock magnetic susceptibility, accounts for the anharmonic

effects beyond RPA. A minimization of E(RO) with respect  With a temperature-dependent effective Curie constant
to xq yields Ce(T). For T>T,,, Cg is temperature independent and

may be related to the low-temperature local magnetic mo-

. . 5 ) ment Eq.(18),
X (M=xg"(0)+ 3 ¥(MP)r. (21)
C..— ay(f) MEO 29
The temperature-dependent susceptibility 4) has the e 15ga,(f,0) kgNg " (29)
same form as in the rotationally invariant form of the con-
ventional mode-mode coupling thedry?'* However, the It should be emphasized that the Curie-Weiss law defined

ground-state susceptibilityo(0) and the coupling constant by Egs.(28) and (29) arises due to strong mode-mode cou-
are strongly renormalized compared to the Hartree-Fock valpling of SF’s, as was anticipated in the early mode-mode
ues, xqo and o coupling theory of Murata and Doniach.
Following Moriya' we can also estimate the temperature
1 .05 dependence of the nuclear spin-lattice relaxation rate in the
Xq =¢Xxqot 3YMio. (22)  sM regime of SF’s. Using the model Eq&) and(3) for the
SF spectrum of a frustrated magnet we have
> (23 Imx(q, o)
Y= Y01 16g" _ mx(d,wg
1+6g (T~ X w—o~x%’4<T>, (30)

where {=1—-5g, andg=g,y/7, is the renormalized spin c@=ce

anharmonicity parameter. It should be mentioned that thevherew, is the nuclear resonance frequency and the suscep-
factor 0<{<1 is always positive and is vanishingggl intibility xo(T) is given by Eq.(25). According to Eq.(30) in

the limit of strong anharmonicitygy>1). frustrated systems nuclear relaxation has a stronger tempera-
Using Egs.(18) and (21) we get the following explicit ture dependence, ags¥(T), instead ofxg(T) arising in
expression for the total local moment E@): itinerant magnets with a quadratic dispersion of antiferro-
, , magnetic fluctuations.
M{=M{(T=0)+(1-59)(M{)t. (24 Finally, using Eqs(11) and(25) we estimate the tempera-

As it follows from Eq. (24), though the variations of the ture T, defined by

zero-point and thermal contributions M? are of different “YT)=c (31)
signs, they are not compensated am@ strongly depends on XQ i

temperature. We emphasize once more that in itinerant magove which the SM regime does not hold. E.g., wien
nets with SM fluctuations local magnetic momeMs are T >T_ the temperaturd, is related via

not conserved as it is often assumed in descriptions of

strongly correlated electron systefi$! This assumption is O+T, =7T, (32)
not born out of thermodynamics and according to Ref. 16
holds only in nearly Heisenberg systems. to the characteristic SF temperatufg,. It should be also

Substituting Eq.(17) into Eg. (21) we get the explicit mentioned that Eq(31) has another, low-temperature solu-
temperature dependence of the staggered susceptibility in thi®n defining a crossover to the Fermi-liquid regime of SF’s,
paramagnetic state which we do not discuss here.
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V. QUANTUM EFFECTS According to Eq.(38) the zero-point contribution tdv?
IN THE LOCALIZED MOMENTS REGIME OF SF'S changes little with temperature wheyp (T)<wc/T. At

In the LM regime Eq.(14), the SM theory of SF’s pre- high temperaturesi{ [)zp decreases- xo(T). In Fig. 1 we
sented in Sec. IV does not hold due to the decreasing role sichematically show temperature dependences of the thermal
the spatial dispersion. In this limit the dispersion of SF's may(M{)+ and zero-point 1?) e contributions toM{, and of
be neglected: they behave as an ensemble of fluctuating Iéhe total squared local momemd?=(MZ)r+(M?)zp for
calized moments. In this section we analyze the SF behaviglifferent values of the ratio Eq37). It should be mentioned

in the LM regime using FDT, Eq.7). that according to Eq24) in the SM regime of a paramagnet
According to Eq(9) the thermal contribution tME inthe the squared local moment increases with temperature and,
LM regime of SF’s is given by except for the case whevi2/M?Z(T=0)>1, it has a maxi-

mum near the crossover temperatdie. In the latter case
MZ may be a monotonically increasing function of tempera-
ture due to an interplay betweetf); and M?)zp. The
squared moment exhibits a maximum even when
MZ(T=0)=M2; [see Fig. 1b)] and shows no signatures of
conservation except for the limit of Heisenberg magnets.

AT xg N (T)
27TkBT

If one assumes that the susceptibilipg(T) exhibits the
Curie-Weiss behavior,

<ME>T=3kBTNon<T>G[ (33

C Assuming a Curie-Weiss behavior for the susceptibility
Xo(T)= (34 Eq.(34) we can estimate the temperatdig defined by
[where the Curie constaft and temperatur@®, are in prin- X(Sl(T’L‘):cC, (39

ciple different fromC. and® in Eq.(28)] then according to
Eq. (33) thermally induced local moments are going to be
saturated at high temperature$>0,, (M?);=M2,
=const. And vice versa, saturation bf? gives rise to the o
Curie-Weiss susceptibility Eq34). O +T; =5 Tm- (40

Up to now a reliable calculation d#1%; or C in the LM m
regime are still lacking. However, formul@3) provides a It should be mentioned that fof >T,, the temperatures
link between the squared saturated momdgy and the Cu- T, andT]" must be equal, though they are defined by differ-

which defines a crossover from the SM to LM regimes.
Analogously to Eq(32) we get

rie constantC, ent equationg32) and (40), the difference being due to the
’ change of the Curie constant neb+T, . From Egs.(29)
Mei=3kgNoCG(2), 35 and (35) we get the ratio of the Curie constants defined by
where mode-mode coupling and LM mechanisms, respectively,
A Cett 2a5z
_ === (a1)
2= 2keC (36 C ~ 5g

is a constant. Relatiof85) differs from a conventional one As we have seen in Secs. IV and V the SF temperature
for Heisenberg magnet$see, e.g., Ref. )lby a factor T defined by Eq(12) plays an important role in itinerant
G(z)=1 accounting for a quantum reduction of the SF phasenagnets. According to Eq§26), (32), and(40) it scales the
space in the temperature range E8). Above T~fiwc/Kg  characteristic SF temperatur@ T, , and T} and thus de-
quantum effects are negligible, and one should sefines the overall SF behavior. The temperatlifgalso de-
G(2)—1. fines the low-temperature specific heat of SF’s in the Fermi-
Saturated momentsl 5 may be compared with the low- liquid regime, which is inversely proportional td,,.%

temperature local momentd?(T=0) caused by zero-point Using a parabolic electron band model and assuming that the

motions. From Egs(15) and(35) we get relaxation is defined by the linear mechanism due to Landau
, damping of SF'$* we can estimat® ~ ypeg /7, Cc~xp
M G(2) 37 and keTm~ee~Mgi , Wheresg andmg; are the Fermi en-

Mf(T:O) - 2zaq[f,xq l/cC] ' ergy and effective mass of quasiparticles, respectively. Thus,

Estimati hi 1 hat th . low values of T, would imply a heavy fermion behavior.
stimating roughlyery we see that the parameegiven Moreover, if T, is small both temperaturef, and T} de-

by Eg. (36) describes a measure of quantum zero-point efs. . :
fects. In the limitz<1, when G(z)=1 and Miﬁll\/lf>l, fining the crossover from SM to LM regimes are also small.

int eff in th . b In other words, the heavy fermion behavior tends to suppress
quantum zero-point effects in the ML regime may be ne-y,o g\ regime of SF’s shifting it to lower temperatures and

glected and SF's may be treated on a classical basis. Whgg, 5 the LM regime. As we shall see in the next section

Z~21' according to Eq(37)_ the zero-point contribution 0 g sityation is probably realized in theSOMn, system.
M{ may be comparable with the thermal one.

Using Eds(15) and(35 we have VI. SF BEHAVIOR IN Y (SOMn , SYSTEM
2

wc , Now we apply our model to discuss effects of SF’s in the
1+ 7z xo(T)

' (38) Y(SOMn, system. Previously Shiget al.® have discussed

(M?) —EﬁFN In
L ZP_ﬂ_ 0
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TABLE I. Soft-mode SF effects in itinerant electron magnets.from the NMR measurements. This difference may arise
The values ofy; andcc in weak ferromagnets MnSi, NAl, and  from the interpretation of the nuclear spin-lattice relaxation
ZrZn, are taken from Ref. 23. based on Ref. IT; *~/xo(T). As we have shown in Sec.
-, -, ) -, IV this relation is certainly not valid in ¥SoMn,. Then
XiTOorxq Cc xi/cc or xg/te Te OF OL yaking the measured valiéor #we{Q)=5.00 meV at 9 K
(10  (10y° (K) and the estimated above ratig,'/cc, we can evaluate the
characteristic energgl’ cc=7.20 meV and SF temperature

'\\(A(S;)an 20 0.155 06625 1723 Tmn=hon/kgay=70 K. This value forT,, inferred from

nol ) ‘ : neutron-scattering experimefits in good agreement with
Ni gAl 2.3 1.65 0.013 41 the magnetic measurements in, %SCo0Mn»,,° where an
ZrZn, 3.3 331 0.010 28

anomalous temperature dependence of the uniform magnetic
susceptibility caused by SF's was reported about 70 K.

anomalous properties of this system in terms of a quantum It is also possible to estimate the temperafUfecharac-

spin liquid using the constraint that the total squared locaf€'1ZiNg the crossover to the LM regime of SF's. First, we
moment is a constant of mot|0|h/I2 const. However, the 2SSume that in the temperature rangeT< 300 K there is

presented above analysis suggests that in itinerant magnétg S|%n|f|cant change of the Curie constant and then directly
with soft-mode SF's that is not the ca&ee Fig. 1 get T/ =88 K from Eq. (39) usmg the measured linearly
According to the recent neutron-scattering data obtaineéemperature dependeritos{ Q). We can also indepen-
by Ballou et al® for a single crystal of ¥ :S¢,oMn, the  dently estimatel{ from Eq. (40). Extrapolating the linear
SF spectra in this system is strongly amsotroplc with thetemperature ofiws{Q) reported in Ref. 8 to higher tem-
inverse correlatlon lengths being @K equal to&, '=0.35  peratures we evaluate the parameter0.05. Substituting it
A and gz =0.58 A along[110] and[001] directions, respec- into Eq.(40) we arrive at the previous estimate Bt which
tively. The inelastic response was reported to have a Lorershows that the assumptions made above are reasonable.
zian shape with a characteristic SF enetep{ Q) linearly Using these estimates we arrive at the following conclu-
dependent on temperature and being equal to 5.00 meV atfons relating the SF behavior of the(S¢) Mn, system.
Kand 13.1 meV at 300 K. These data provide a new insighFirst, the estimated value of, '/ce<1 at low temperatures
into the nature of SF’s in this compound. presents strong evidence for the well-defined soft-mode be-
First, using the measured correlation Iengft’ﬁéZ we es-  havior of SF's in the temperature range=T; ~100 K. At
timate the proximity of this compound to a magnetic- higher temperatures (8¢ Mn, may be regarded as a LM
nonmagnetic transition characterized ,{a(yllcc According  system. This value offf together with relatively high-
to our model Eq(3) for the SF spectrum of frustrated sys- temperature®, , compared to the Curie temperatures of
tems, we use the following definitions of the correlationweak itinerant ferromagnetsee Table), suggests that this

lengths: system is rather far from the second-order transition, and the
> > first-order transition exhibited by this system is probably
§l=aixq, §&z=axq; (42 dominated by secondary mechanisms, e.g., by magnetoelas-
to get the ratio tic coupling.

Second, our estimate of the SF temperature, which defines
XQ , w5 the low-temperature specific h&hand the effective mass of
Co = =(57%E,8Ng) (43 Fermi quasiparticles, shows th&, is about 100 times less
than the Fermi degeneracy temperature in conventional
With the measured values of, % and Ny '=4.41x10°  3d metals and confirms the previous treatm&Msof

A3 % one gets the estimate Y(SOMn, as a 8 heavy fermion system.
-1
XQ _ 6o VIl. SUMMARY
Cc

To summarize, we have analyzed the fluctuation effects in

This ValueXQ */cc should be compared with the analogousitinerant electron magnets with antiferromagnetic instabili-
value x; */cc for weak ferromagnets MnSi, NAI, and ties in different SF regimes defined with respect to the spatial
ZrZn,, presented in Table |, wherg, is the longitudinal  dispersion of the dynamical susceptibility. To account for the
susceptibility in the ferromagnetic ground state. As it followsinfluence of frustration reported in(89Mn,,2° we used a
from Table | the rat|oXQ1/cC in Y(SOMn, is close to the simple model for an anisotropic and flat SF spectfdrin
value x; */cc in MnSi which was shown to exhibit well- the relatively low-temperature soft-mode regime the mag-
defined soft-mode SF%and is much higher than in typical netic properties are shown to be defined by strongly
weak itinerant ferromagnets ZrZrand NizAl. q dependent soft-mode SF’s. Strong coupling of SF’s caused

Assuming that the reported linear temperature dependendsy zero-point effects makes it impossible to apply a conven-
of ws{Q)=I"xq 1(T) (Ref. 8 can be described by a Curie- tional SF theory based on the weak-coupling constraint. To
Weiss susceptlblllty Eq(34), we estimate the temperature calculate the temperature dependences of the staggered sus-
® =170 K. This value is close to the estim#&d¢ =153 K of  ceptibility and local magnetic moments we used the recently
Rainford et al” but is somewhat larger than the one previ- worked out soft-mode theory of SF'8®which accounts for
ously reported by Nakamurat al,?> which was inferred strong spin anharmonicity arising due to zero-point SF's.
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We have shown that with an increase of temperature thevould like to emphasize that the presented description of
role of spatial dispersion of SF’'s decreases, and above son&F's in itinerant magnets interpolating between the soft-
temperaturdl| a crossover to the localized moments regimemode and localized moments regimes is based on the phe-
takes place, where SF’s are almost dispersionless and localomenological arguments resulting from the fluctuation-
ized in real space. Based on the fluctuation dissipation thedlissipation theorem. The main problem of the unified theory
rem we have shown that the saturation of thermally excite®f itinerant magnetism—to work out thermodynamics valid
local magnetic moments gives rise to the Curie-Weiss magboth in the soft-mode and localized moments regimes—is
netic susceptibility affected by quantum SF effects. As westill open for future investigations.
have pointed out the overall SF behavior in the soft-mode
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