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Critical fluctuations in the weak itinerant ferromagnet Ni;Al: A comparison between
self-consistent renormalization and mode-mode coupling theory
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The magnetic excitations in the weak itinerant ferromagngANhave been investigated in the ordered
phase as well as in the paramagnetic phase by means of inelastic neutron scattering, in order to search for
critical fluctuations. The magnetic excitations have been interpreted within the framework of both itinerant and
mode-mode coupling theoyIMT) for an isotropic ferromagnet. The parametrization of the linewidth for the
critical scattering shows that the dynamical critical exporenR.47+0.16 is close to the value expected for
an isotropic Heisenberg model, proving that critical fluctuations are also important in weak-itinerant ferromag-
nets. Moreover, the temperature dependence of the spin waves compares well with the predictions of MMT.
The correlation length in weak itinerant magnets is very large leading to pronounced short-range order and to
critical fluctuations far away frorfc. The results show that it is necessary to include critical fluctuations in
the theory for itinerant magnetism.

[. INTRODUCTION moments above and beloW: that are in good agreement
with experiments on MnSi and BAIl. In addition, the pre-

Magnetic excitations in weak itinerant ferromagnets aredicted quadratiay dependence of the spin-wave dispersion
interesting model systems for the investigation of stronglyhas been confirmed in experimefis.
correlated materials that have attracted recently significant Most interestingly, however, is the prediction that tpe
attention because of the discovery of high-temperature supeflependence of the linewidth of the magnetic fluctuations is
conductivity and the renewed interest in the metal-insulatofMarkedly different when compared with a localized ferro-
transition in oxide transition-metal materials, for example, inMagnet, i.e.,
doped LaMnQ.

Weak itinerant ferromagnets are characterized by a low
Curie temperatur@ - when compared with the energy scale versus
of the magnetic fluctuations and a small magnetic moment,
the reason being that the conduction electrons are mainly Tioc=Aocfr(x/9)q*®. 2

responsible for the magnetic properties of these compoundshe former expression has been confirmed Tor Tc by
A model to calculatél ¢ was proposed by Stonfewho con-  |shikawa, Shirane, and Tarvin in weak itinerant MnSi that
sidered a single-band system. This model can explairTthe exhibits belowT¢ a helical structuré.More recent experi-
dependence of the magnetization at [6phowever, the cal- ments on polycrystalline NAI by Bernhoeft and
culatedT¢'s are typically one order of magnitude too high co-workers® also indicate the validity of ;.
because the gain in energy arising from spin fluctuations is On the other hand, the inspection of spin dynamics near
neglected. Long-range order is lost due to the vanishing anthe ordering temperature leads to consider scaling relations.
plitude of the magnetic moments &t . This behavior is in  For a Heisenberg magnet, the dynamical scaling function
marked contrast to a localized ferromagnet, where longfr(x~/q) is equal to 1 afl¢ and is a homogeneous function
range order is destroyed by the thermal excitation of spirpf k*/q away fromT¢. According to static scaling theory,
waves. the inverse of the spin correlation length is given by

In order to resolve these problems, Mofiyand =« (|]T—T/T)%"%% where = refers to measurements
Lonzarick pointed out the importance of low-energy spin above and beloWw ¢, respectively.
fluctuations in itinerant magnets and used self-consistent The nonexistence of critical fluctuations in weak-itinerant
renormalization theorySCR and a phenomenological mag- magnets seems to be surprising due to the following reason:
netic equation of state within the random-phase approximal contrast to a localized magnet, where the magnetic mo-
tion (RPA), respectively, in order to take into account the ments are confined to single atoms, the magnetic moments in
thermodynamic properties of fluctuations. These theories ar¢inerant magnets are defined over large assemblies of atoms
able to predict values fof; and for the ratiopes;/po of the  that are correlated over a distanég>a, wherea is the

Twi=Awidla?+(x%)?] @
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lattice parameter. As soon as the correlation length of the Et = 3.0 meV open-20-Be-NizAl-20-40

. . : : 250
magnetic fluctuationg= and the wavelength of the spin s ' ' ! ]
fluctuations A =2x/q exceedé. one may argue that one
should observe critical fluctuations similarly as in true local
moment systems.

In order to test the existence of critical fluctuations we
have determined thg dependence of the quasielastic fluc-
tuations afT-. We have determined the temperature depen-
dence of the linewidth of the spin waves beldw and com-
pared them with the predictions of a very recent mode-mode
coupling theory.™® We have also studied the temperature :
dependence of the paramagnetic excitations, which was . oL
found to be in agreement with the scaling function predicted
for itinerant systems abovE..2 The results show that jAl
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Il. EXPERIMENTAL PROCEDURE E s
j= L
The inelastic neutron-scattering experiments have been % 50
performed on a cylindrical NAI single crystal with a diam- 2 r
eter of 16 mm and a length of 60 mm, enriched with Ni. The ol Ll ]
enrichment by 1% Ni has no influence on the fcc structure of -0.2 -0.1 0.0 0.1 0.2
the sample, however, it leads to an enhancement of the mag- Energy (meV)

netic moment and to a largdi; thus facilitating the experi-
ment. Magnetization measurements performed on piece]'sn
taken from the top and the bottom of the single crystal
yielded consistent value§.=72.5+0.5 K in excellent
agreement with values reported in Ref. 10 for a sample with  \y/o have used an iterative process to obtain the param-
1% enrichment. More evidence for the high quality of the garsN D, andT from the inelastic scans. In a first step all
sample will be given below. , arameters were free. In a second step we fixddr eachT

The experiments have been carried out on the cold neus 5 averaged value. Finally, the linewidth was fixed too and

tron three-axis spectrometers FLEX at the HMI in Berlin, Ny \yas determined. This procedure reduced correlation ef-
and TASP at the Swiss spallation source SINQ. The same, .ts betweerk I'(q), andy, (0) considerably
q H H .

gxperimental setu_p has been used for both experimen.ts. The | order to determine which model best describes the col-
final energy was fixed d=2.5, 3.0, and 4.5 meV and tight o¢(jye excitations in NiAl, we have systematically analyzed
collimations (guide-20-20"-40') were used, leading 10 @ hq gata using itinerahaind localized theor§? respectively,

resolution of 0.03, 0.04, and 0.09 meV, respectively. A cold, o e assumed that tiedependence df is given by Eqs
Be filter was placed in the incident beam to remove higher'(.l).’and(Z) respectively. '

order neutrons. The background was measured Tat

=1.5 K for all configurations and subtracted from the data.
As in this work we were primarily interested in spin-wave
excitations, the forward scattering technique was chosen for Some typical results of inelastic scans after subtraction of

FIG. 1. Inelastic scans gt=0.035 A ! for T=0.8 and 0.9T.
e solid lines are fits to the model given by E8) convoluted
with the experimental resolution function.

Ill. RESULTS

convenience, thus avoiding phonon contributions. the background measuredB&1.5 K are shown in Fig. 1.
The data have been fitted with a double Lorentzian ScatThe error bars arounB=0 meV are |arge due to the im-
tering function for damped spin waves: portant incoherent scattering of Ni. The renormalization of
the spin waves with increasing temperature is clearly visible.
S(q.E)— N 1 I The tails of the spectra cannot be measured because the scat-
' 1-e PE g2 27 (E+ Eq)?+1? tering triangle does not close at high-energy transfers any-
more.

r For eachT the measured spin-wave dispersion was fitted
+ E_E2ar?|" (8)  with the quadratic expressioB,=A+Dg? The fits show

(E-Eg)™+ that the energy gap is vanishingly small at alll. The T
and the deconvolution with respect to the resolution of thedependence ob is plotted in Fig. 2 and shows clearly the
spectrometer was performed. In E8) N is a normalization ~renormalization of the spin waves closeTg.
constant,Eq=D(T)q2 is the dispersion, anil is the relax- According to the itinerant model, the spin waves are ex-
ation frequencylinewidth) of the magnetic excitations. The Pected to occur at finite-energy transfer with a dispersion
quantity N/g? is proportional to the static susceptibility Proportional to the magnetizatiovi:

x.(Q). To fit the data aff, the spin-wave energl, was B B
set to zero, ! Eq=0ueMx. () =gueM(x " +c g?+ ). (4)
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FIG. 2. Spin-wave stiffness as a function of temperature, the
solid line is related to the Heisenberg model, and the dashed line to FIG. 3. The inverse of the static susceptibility of the spin waves,

the itinerant model. le(q), as a function ofg?, the dashed lines are fits to the data
using a Lorentziam dependencex(q)zloc(xf+q2). The param-
eter x, was found to be zero within the accuracy of the measure-
ments.

The spectroscopic splitting factgris close to 2 in NjJAl. M
is predicted to behave according to

M(T,0)/Mo=[1-(T/Tc)]*, (5
. . ) ment with the observation that the spin waves have no gap.
wheree is equal to 2 in the Stoner model and 4/3 in the SCR;, addition, the slope of , (q) shows a slighT dependence,

3
theory: _ _ _ _ which is connected to the fact thai(T),—, increases by
In contrast, the spin-wave dispersion for a Heisenberg fer:

o=h approachingr ¢ .
romagnet is given foll —Tc by The linewidth of the spin waves is plotted in Fig. 4 and

6) compared with SCR theortg) (fit parameterdA,,; and k™)
and scaling theory based on the Heisenberg md@oelfit
parametersA,,. and z). The comparison shows that both

Eq=D(T)g?=Dg|7**%?,

wherer=1-T/Tc.
The temperature dependence of the spin-wave stiffbess
has been fitted using the itinerdsee Eq(5)] and the local-

ized modelsee Eq(6)]. If the ordering temperature is fixed 015L|® T (0.80Tc) |
at Tc=72.5 K, as obtained from the magnetization mea- L{o T (0.90Tc)

surements, the exponeadf the itinerant model differs from r|m T (0.94Tc)

the e=4/3 value(see dashed curve in Fig).20n the con- — o1ol|* T (0.96Tc) ]
trary, fixing e at the predicted value gives a slightly higher 3  l|le T (0.98Tc)

value for the transition temperature (8.4 K) . This dis- E

crepancy between the experimental and the theoreTigas

of the same order of the one observed for polycrystalline
samples! On the other hand, the fit with the Heisenberg
model gives an exponent of 0.34.03, close to the theoreti-
cally expected 0.36(5) value, and is much less sensitive to
Tc (solid curve in Fig. 2 As a comparison, the ratio of
D(0.8T;) for our sample andD , for the polycrystalline ref-
erence of pure NAI® givesD/D,=1.38+0.08, a value that
shows reasonable agreement with the ratio of the magnetic
moments measured in both kind of sample¢D/D,
=1.65).

In Eq. (4) x, =x,(q=0) is the static transverse suscep-
tibility that is infinity if there is no anisotropy. Our results
show thaty, (q=0)=« within the accuracy of the neutron
measurements. This behavior is actually expected, since the
spin waves are Goldstone modes, irrespective of the degree
of localization of the spins.

The static susceptibility, (q) resulting from the integra-
tion of the inelastic signal over energy was extracted from

the data. Figure 3 showe, l_(q) versusq?. Th2e linear rela- 55 4 function ofy, for several temperatures. The plat shows a fit
tionship is in agreement with the expected’ldivergence jth the itinerant model, whereas i), a fit with the Heisenberg

for spin waves. Within the experimental accuracy the inversenodel has been used. The inset displays the experimental critical
correlation length for the spin wavesk, =0.016  exponent as a function of temperature. The exponents are close to
+0.017 A (not to be confused witl, ) is zero, in agree- the 2.5 Heisenberg valuglashed ling
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FIG. 4. Resolution corrected spin-wave linewidtliq), plotted



1086 F. SEMADENI et al. PRB 62

0.7 LA A S I St B i I S S B S S . T T T T T
o6f ~— Awd® / _ 14 5
F —— A 97 (z =2.4740.16) / ]
0.5} ]
X ] 1.2
) [ ]
g% ] =
= aak ] Z 10
D03k ; E
= X ]
02t ] 0.8
o1} 1 |---- Résibois-Piette ==~-__
0.0 E— R - N M . 0.6 - 14+x2 T
0.00 0.02 0.04 0.06 0.08 0.10 . ! N 1 N 1 ) 1 N 1

q @&l 0.0 - 01 02 03 04 05 06
FIG. 5. Quasielastic linewidth measuredTat. The solid line is

a fit to theAg” model, whereas for the dashed line the exponent ha§

) i, u

been fixed at 3, as expected from itinerant theory.

FIG. 7. Dynamical scaling function for the paramagnetic fluc-
ations, as a function of the scaling parameterx*/q. The
dashed line represents the ditmis-Piette scaling functioliRef.

. L . 12), whereas the solid line (£x?) is provided by SCRRef. 2.
models provide good parametrizations of the data. The inset ) (Bx) isp y SCR 2

shows that the critical exponeatis close to the value 2.5
that has been predicted theoretically and measured in ma S 207
ferromagnetic systemsee Ref. 9 for a summary\We point ~ P€low and abovel¢ is given by x/«x~=2.02. We have
out that this behavior occurs over a lar§eange. therefore used the experimental valyg determined with

In order to provide a direct comparison of the spin fluc-the scaling of the spin waves, that yielded) =0.049
tuations in NAl with scaling theory we have measured the +0.019 A™*. Since the paramagnetic signal has to be recov-
linewidth of the paramagnetic fluctuationsTat (see Fig. 5. ered by background subtraction from the top of a large inco-

The solid line is a fit to the data using the expresslon herent signal, more experimental time is required for obtain-
=Aq’ yielding z=2.47+0.16 that is compatible with the Ing the same statistics as in the ordered phase, where the

dynamical scaling prediction=2.5 atT=Tc. In contrast, Magnetic excitations are dispersive. Therefore we could not
the RPA expressioff = A,,;q3 does not reproduce the data 9ather so many datapoints as for the ferromagnetic case in a
well. reasonable time. Nevertheless, the experimental scaling func-

In a second step we divided for each temperature the resd©n aboveT¢ provides sufficient information for allowing us
lution corrected linewidth'(T) by I'(T=T¢) (measured 0 compare it with theoretical preQ|ct2|ons._ We have plotted in
values in order to determind(x /q) [see Eq.(2)]. The Fig. 7. the Reibois-Piette 'funct|oﬁ, which results from
scaling function is plotted in Fig. 6 versus the scaling vari-MMT galculqtlons for a Heisenberg system, as well as the
ablex=x/q. As the inverse correlation lengtk~ is not 1 +x°" scaling law from SCR theory.In the case of para-
known belowT. we have adjusted the scale of tkeaxis ~Magnetic scattering, we observe thatsNi shows better
such that the data points agree with the theoretical curve dtgreement with the predictions of the theory for itinerant
mode-mode coupling theofIMT) of Ref. 8. The compari- SYStems.
son yieldsk, =0.10+0.04 AL,

Finally, we have analyzed the scaling behavior of the
magnetic excitations abov&:, as shown in Fig. 7. The
scaling variablex=«*/q has been determined as follows.  The analysis of the magnetization and thelependence
According to scaling laws from mode-coupling theory in the of the spin waves does not allow an unambiguous distinction

between MMT and SCR. In order to obtain a more detailed

itical regime, the ratio for the inverse correlation length

IV. DISCUSSION

12 — comparison, we have inspected the scaling behavior of the
e 1(0.8Tc) |1 linewidth of the spin wavesi-(x), nearT¢, in the light of
o 09Ty | ] MMT that includes critical fluctuations and dipolar interac-
08 = 1(0.94Tc) | ] tions (see Fig. 6. As the magnetic moments in Ml are
+ f0.96Tc) | | small, we considered the special case of the isotropic fimit.
g o 1(0.98Tc) | ] It is seen that belowW - the data as well as MMT yield a
- —— MMT |1 monotonic decrease df(q,T) with decreasingl. This be-
04 i havior is in contradiction to the RPA result that predicts an
;| increase of'(qg,T) with decreasing (Ref. 3. We argue that
s ] the g range probed by the experiment corresponds to wave-
oob—m—u lengths of spin waved that are much larger than the corre-

0.0 0.5 1.0 1.5 2.0

N lation distancet, that defines the magnetic moments. There-

fore the moments can be considered to be localized with
FIG. 6. Dynamical scaling function for the linewidth of the spin respect to the spin excitations thus masking itinerant effects.
waves as a function of the scaling parameter<~/q. The solid The universality of the spin-wave frequency for ferromag-
line is given by mode-mode coupling theory for an isotropic ferro- nets has been highlighted by Schinz and Schivatihin the
magnet(Ref. 8. framework of MMT. In the critical regime, the scaling am-
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plitude W_ connects the spin-wave frequency and the dampalso affect the spin dynamics belol. However, in con-

ing atTe¢: trast toT>Tc, one may argue that the combined effects of
conduction electrons and critical scattering can lead to a scal-
Do ing function that starts with a negative slope, if one assumes

W*:A KE, (7 that the additional damping caused by the spin-flip excita-

tions in the conduction band is reduced with decreasing tem-
whereD is the spin-wave stiffness d=0, Ais related to  perature. Therefore the latter effects merely lead to a re-
the spin-wave linewidth af¢, I'(T.), andk, refers to the scaling of the scaling variablg in f-(x). The distinction
inverse correlation length. For M, we obtainW_=1.88  between different contributions can be done by determining
+0.56. This value lies within the range of the parameters fothe inverse correlation length beloW., «~. In order to
other ferromagnets like Fe, Ni, Co, EuO, and EuS, whereaccess this information, it is necessary to study the longitu-
1.24(14)<W_=<2.07(9) (see Ref. & Moreover, inelastic dinal spin fluctuations using polarized neutrons.
neutron-scattering experiments performed in these ferromag-
nets have shown thdi(T.) can be well parametrized by V. CONCLUSION
Ag?5, leading to the conclusion that the spin dynamics in

localized and weak itinerant ferromagnets show a universal The Spin dynamics of w_eak |t|nerantMI has beep stud-
behavior afTc . led in detail by means of inelastic neutron scattering below

. : . and above the Curie temperaturg. The experimental data
The q dependence of the linewidth &t and the experi- ) o o
mental scaling function below . indicate that the critical ng)'n;irdpﬁfgewggg]etzi:ﬁmaﬁ%Othgtr?e'sr;grr?ﬁz;_
scattering cannot be neglected for describing the spin dy-" . P . :
namics of NiAl in the ordered phase. tropic f_erromaglnet. We have determined e.xperlmen'gally t.he
Above T the interpretation of the results is less clear.dynamlc"’lI scaling function Of. the magnetic quc_tuatlons n
Our results from single-crystal NAl agree well with previ- the ordered phase as well as in the paramagnetic phase. T_he
ous results obtained from polycrystallinegWl.>! In fact temperature dependence of the damping of the magnetic
T'(q,T) shows a similar behavior as in %th.er WeII—knéwn fluctuations could be satisfactorily explained in the ferro-
itinerant systems like MnSRef. 13 and Co$ (Ref. 14 and magnetic phase as well asTat by MMT. On the other hand,

the results seem to be in agreement with predictions of SCIH1e scaling behavior above; matches with the theoretical

. . ) .~ predictions for an itinerant spin system.
SR%HRQIAE??BW’ .e.I'(q) in the paramagnetic phase is According to the observed dependence of the damping

The question arises why we observe dynamical scalinat Tc, we were tempted to analyze the dynamical scaling

. o AN ehavior of the spin fluctuations in the light of MMT that
gzgs;'_?r boeriogecgt?]g;ehc:llz hs\r;g ﬁ:gr ':Qe,:ﬁgt digi:‘;\g%rc includes critical scattering. Nevertheless, this latter model
¢ ' P PaNCYyses not take into account the itinerant character ey AN

betv_vgen the scghng functlor_13 in Fig. .7 to be caused by.thﬁamely the fact that the mean-square local amplitude of the
additional damping of the spin fluctuations by the conducnonma netic moment(s82> is not constant. This feature leads to
electrons. In weak itinerant ferromagnets, the mean-square 9 L )

local amolitude of the maanetic momen{@f) is known to & modification of the mode-mode coupling dynamical scaling
P g o : functions. The additional damping caused by the conduction
be temperature dependénfhe variations are particularly

. tant in th tic ph h Sé X electrons requires corrections féy(x) in both magnetic
important In the paramagnetic phase w ¢8) increases hases that are qualitatively consistent with the overall be-
linearly with T. The associated damping compensates for the, . ; :
initial decrease of the Ribois-Piette function at smak avior of our experimental curves.

L o ) o On the basis of the results obtained withyMli we pro-
Similar deviations from MMT have been observed in the i D

llic Heisenb ; S qi d pose that it would be of interest to include critical fluctua-
metallic Heisenberg ferromagnet fMhSn and interpreted s i the magnetic equation of state of SCR, in order to

eexplain the dynamical scaling behavior observed in weak
inerant magnets, within the framework of an itinerant
' model.

the Ruderman-Kittel-Kasuya-Yosida interaction between th
local moments® As a second example we mention Ni
whereT'(T.)=Ag?® (see Ref. 1palthough its scaling be-
hhavior17above Tc disagrees with mode-mode coupling ACKNOWLEDGMENT
theory:
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