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Critical fluctuations in the weak itinerant ferromagnet Ni 3Al: A comparison between
self-consistent renormalization and mode-mode coupling theory
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The magnetic excitations in the weak itinerant ferromagnet Ni3Al have 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 theory~MMT ! for an isotropic ferromagnet. The parametrization of the linewidth for the
critical scattering shows that the dynamical critical exponentz.2.4760.16 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 fromTC . The results show that it is necessary to include critical fluctuations in
the theory for itinerant magnetism.
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I. INTRODUCTION

Magnetic excitations in weak itinerant ferromagnets
interesting model systems for the investigation of stron
correlated materials that have attracted recently signific
attention because of the discovery of high-temperature su
conductivity and the renewed interest in the metal-insula
transition in oxide transition-metal materials, for example,
doped LaMnO3.

Weak itinerant ferromagnets are characterized by a
Curie temperatureTC when compared with the energy sca
of the magnetic fluctuations and a small magnetic mom
the reason being that the conduction electrons are ma
responsible for the magnetic properties of these compou
A model to calculateTC was proposed by Stoner1 who con-
sidered a single-band system. This model can explain thT
dependence of the magnetization at lowT, however, the cal-
culatedTC’s are typically one order of magnitude too hig
because the gain in energy arising from spin fluctuation
neglected. Long-range order is lost due to the vanishing
plitude of the magnetic moments atTC . This behavior is in
marked contrast to a localized ferromagnet, where lo
range order is destroyed by the thermal excitation of s
waves.

In order to resolve these problems, Moriya2 and
Lonzarich3 pointed out the importance of low-energy sp
fluctuations in itinerant magnets and used self-consis
renormalization theory~SCR! and a phenomenological mag
netic equation of state within the random-phase approxi
tion ~RPA!, respectively, in order to take into account t
thermodynamic properties of fluctuations. These theories
able to predict values forTC and for the ratiopeff /p0 of the
PRB 620163-1829/2000/62~2!/1083~6!/$15.00
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moments above and belowTC that are in good agreemen
with experiments on MnSi and Ni3Al. In addition, the pre-
dicted quadraticq dependence of the spin-wave dispersi
has been confirmed in experiments.4–6

Most interestingly, however, is the prediction that theq
dependence of the linewidth of the magnetic fluctuations
markedly different when compared with a localized ferr
magnet, i.e.,

Gwi5Awiq@q21~k6!2# ~1!

versus

G loc5Alocf G~k6/q!q2.5. ~2!

The former expression has been confirmed forT>TC by
Ishikawa, Shirane, and Tarvin in weak itinerant MnSi th
exhibits belowTC a helical structure.4 More recent experi-
ments on polycrystalline Ni3Al by Bernhoeft and
co-workers5,6 also indicate the validity ofGwi .

On the other hand, the inspection of spin dynamics n
the ordering temperature leads to consider scaling relati
For a Heisenberg magnet, the dynamical scaling funct
f G(k6/q) is equal to 1 atTC and is a homogeneous functio
of k6/q away fromTC . According to static scaling theory
the inverse of the spin correlation length is given byk6

5k0
6(uT2Tcu/Tc)

0.702, where 6 refers to measurement
above and belowTC , respectively.

The nonexistence of critical fluctuations in weak-itinera
magnets seems to be surprising due to the following rea
In contrast to a localized magnet, where the magnetic m
ments are confined to single atoms, the magnetic momen
itinerant magnets are defined over large assemblies of at
that are correlated over a distancejc@a, where a is the
1083 ©2000 The American Physical Society
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lattice parameter. As soon as the correlation length of
magnetic fluctuationsj6 and the wavelength of the spi
fluctuationsL52p/q exceedjc one may argue that on
should observe critical fluctuations similarly as in true loc
moment systems.

In order to test the existence of critical fluctuations w
have determined theq dependence of the quasielastic flu
tuations atTC . We have determined the temperature dep
dence of the linewidth of the spin waves belowTC and com-
pared them with the predictions of a very recent mode-m
coupling theory.7–9 We have also studied the temperatu
dependence of the paramagnetic excitations, which
found to be in agreement with the scaling function predic
for itinerant systems aboveTC.3 The results show that Ni3Al
is one of the most ideal and clean systems to prove the
namical scaling behavior in an isotropic ferromagnet bel
TC .

II. EXPERIMENTAL PROCEDURE

The inelastic neutron-scattering experiments have b
performed on a cylindrical Ni3Al single crystal with a diam-
eter of 16 mm and a length of 60 mm, enriched with Ni. T
enrichment by 1% Ni has no influence on the fcc structure
the sample, however, it leads to an enhancement of the m
netic moment and to a largerTC thus facilitating the experi-
ment. Magnetization measurements performed on pie
taken from the top and the bottom of the single crys
yielded consistent valuesTc572.560.5 K in excellent
agreement with values reported in Ref. 10 for a sample w
1% enrichment. More evidence for the high quality of t
sample will be given below.

The experiments have been carried out on the cold n
tron three-axis spectrometers FLEX at the HMI in Berl
and TASP at the Swiss spallation source SINQ. The sa
experimental setup has been used for both experiments.
final energy was fixed atEf52.5, 3.0, and 4.5 meV and tigh
collimations ~guide-208-208-408) were used, leading to a
resolution of 0.03, 0.04, and 0.09 meV, respectively. A c
Be filter was placed in the incident beam to remove high
order neutrons. The background was measured aT
51.5 K for all configurations and subtracted from the da
As in this work we were primarily interested in spin-wav
excitations, the forward scattering technique was chosen
convenience, thus avoiding phonon contributions.

The data have been fitted with a double Lorentzian s
tering function for damped spin waves:

S~q,E!5
E

12e2bE

N

q2

1

2pF G

~E1Eq!21G2

1
G

~E2Eq!21G2G , ~3!

and the deconvolution with respect to the resolution of
spectrometer was performed. In Eq.~3! N is a normalization
constant,Eq5D(T)q2 is the dispersion, andG is the relax-
ation frequency~linewidth! of the magnetic excitations. Th
quantity N/q2 is proportional to the static susceptibilit
x'(q). To fit the data atTC , the spin-wave energyEq was
set to zero.
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We have used an iterative process to obtain the par
etersN, D, andG from the inelastic scans. In a first step a
parameters were free. In a second step we fixedD for eachT
at an averaged value. Finally, the linewidth was fixed too a
N was determined. This procedure reduced correlation
fects betweenEq , G(q), andx'(0) considerably.

In order to determine which model best describes the c
lective excitations in Ni3Al, we have systematically analyze
the data using itinerant3 and localized theory,8,9 respectively,
i.e., we assumed that theq dependence ofG is given by Eqs.
~1! and ~2!, respectively.

III. RESULTS

Some typical results of inelastic scans after subtraction
the background measured atT51.5 K are shown in Fig. 1.
The error bars aroundE50 meV are large due to the im
portant incoherent scattering of Ni. The renormalization
the spin waves with increasing temperature is clearly visib
The tails of the spectra cannot be measured because the
tering triangle does not close at high-energy transfers a
more.

For eachT the measured spin-wave dispersion was fit
with the quadratic expressionEq5D1Dq2. The fits show
that the energy gapD is vanishingly small at allT. The T
dependence ofD is plotted in Fig. 2 and shows clearly th
renormalization of the spin waves close toTC .

According to the itinerant model, the spin waves are e
pected to occur at finite-energy transfer with a dispers
proportional to the magnetizationM:

Eq5gmBMx'
21~q!5gmBM ~x'

211c'q21••• !. ~4!

FIG. 1. Inelastic scans atq50.035 Å21 for T50.8 and 0.9TC .
The solid lines are fits to the model given by Eq.~3! convoluted
with the experimental resolution function.
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The spectroscopic splitting factorg is close to 2 in Ni3Al. M
is predicted to behave according to

M ~T,0!/M05@12~T/Tc!
e#1/2, ~5!

wheree is equal to 2 in the Stoner model and 4/3 in the SC
theory.3

In contrast, the spin-wave dispersion for a Heisenberg
romagnet is given forT→TC by

Eq5D~T!q25D0utu0.36q2, ~6!

wheret512T/TC .
The temperature dependence of the spin-wave stiffnesD

has been fitted using the itinerant@see Eq.~5!# and the local-
ized model@see Eq.~6!#. If the ordering temperature is fixe
at TC572.5 K, as obtained from the magnetization me
surements, the exponente of the itinerant model differs from
the e54/3 value~see dashed curve in Fig. 2!. On the con-
trary, fixing e at the predicted value gives a slightly high
value for the transition temperature (7460.4 K) . This dis-
crepancy between the experimental and the theoreticalTC is
of the same order of the one observed for polycrystall
samples.11 On the other hand, the fit with the Heisenbe
model gives an exponent of 0.3460.03, close to the theoreti
cally expected 0.36(5) value, and is much less sensitiv
TC ~solid curve in Fig. 2!. As a comparison, the ratio o
D(0.8Tc) for our sample andDp for the polycrystalline ref-
erence of pure Ni3Al6 givesD/Dp51.3860.08, a value that
shows reasonable agreement with the ratio of the magn
moments measured in both kind of samples10 (D/Dp
51.65).

In Eq. ~4! x'5x'(q50) is the static transverse susce
tibility that is infinity if there is no anisotropy. Our result
show thatx'(q50)5` within the accuracy of the neutro
measurements. This behavior is actually expected, since
spin waves are Goldstone modes, irrespective of the de
of localization of the spins.

The static susceptibilityx'(q) resulting from the integra-
tion of the inelastic signal over energy was extracted fr
the data. Figure 3 showsx'

21(q) versusq2. The linear rela-
tionship is in agreement with the expected 1/q2 divergence
for spin waves. Within the experimental accuracy the inve
correlation length for the spin wavesk'50.016
60.017 Å21 ~not to be confused withk0

2) is zero, in agree-

FIG. 2. Spin-wave stiffness as a function of temperature,
solid line is related to the Heisenberg model, and the dashed lin
the itinerant model.
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ment with the observation that the spin waves have no g
In addition, the slope ofx'(q) shows a slightT dependence,
which is connected to the fact thatx(T)q50 increases by
approachingTC .

The linewidth of the spin waves is plotted in Fig. 4 an
compared with SCR theory~a! ~fit parametersAwi andk2)
and scaling theory based on the Heisenberg model~b! ~fit
parametersAloc and z). The comparison shows that bot

e
to FIG. 3. The inverse of the static susceptibility of the spin wav
x'

21(q), as a function ofq2, the dashed lines are fits to the da
using a Lorentzianq dependence:x(q)'

21}(k'
2 1q2). The param-

eterk' was found to be zero within the accuracy of the measu
ments.

FIG. 4. Resolution corrected spin-wave linewidthG(q), plotted
as a function ofq, for several temperatures. The plot~a! shows a fit
with the itinerant model, whereas in~b!, a fit with the Heisenberg
model has been used. The inset displays the experimental cr
exponentz as a function of temperature. The exponents are clos
the 2.5 Heisenberg value~dashed line!.
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models provide good parametrizations of the data. The in
shows that the critical exponentz is close to the value 2.5
that has been predicted theoretically and measured in m
ferromagnetic systems~see Ref. 9 for a summary!. We point
out that this behavior occurs over a largeT range.

In order to provide a direct comparison of the spin flu
tuations in Ni3Al with scaling theory we have measured th
linewidth of the paramagnetic fluctuations atTC ~see Fig. 5!.
The solid line is a fit to the data using the expressionG
5Aqz yielding z52.4760.16 that is compatible with the
dynamical scaling predictionz52.5 at T5TC . In contrast,
the RPA expressionG5Awiq

3 does not reproduce the da
well.

In a second step we divided for each temperature the r
lution corrected linewidthG(T) by G(T5TC) ~measured
values! in order to determinef G(k2/q) @see Eq.~2!#. The
scaling function is plotted in Fig. 6 versus the scaling va
able x5k2/q. As the inverse correlation lengthk2 is not
known belowTC we have adjusted the scale of thex axis
such that the data points agree with the theoretical curv
mode-mode coupling theory~MMT ! of Ref. 8. The compari-
son yieldsk0

250.1060.04 Å21.
Finally, we have analyzed the scaling behavior of t

magnetic excitations aboveTC , as shown in Fig. 7. The
scaling variablex5k1/q has been determined as follow
According to scaling laws from mode-coupling theory in t

FIG. 5. Quasielastic linewidth measured atTC . The solid line is
a fit to theAqz model, whereas for the dashed line the exponent
been fixed at 3, as expected from itinerant theory.

FIG. 6. Dynamical scaling function for the linewidth of the sp
waves as a function of the scaling parameterx5k2/q. The solid
line is given by mode-mode coupling theory for an isotropic fer
magnet~Ref. 8!.
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critical regime, the ratio for the inverse correlation leng
below and aboveTC is given by k2/k152.02. We have
therefore used the experimental valuek0

2 determined with
the scaling of the spin waves, that yieldedk0

150.049
60.019 Å21. Since the paramagnetic signal has to be rec
ered by background subtraction from the top of a large in
herent signal, more experimental time is required for obta
ing the same statistics as in the ordered phase, where
magnetic excitations are dispersive. Therefore we could
gather so many datapoints as for the ferromagnetic case
reasonable time. Nevertheless, the experimental scaling f
tion aboveTC provides sufficient information for allowing u
to compare it with theoretical predictions. We have plotted
Fig. 7. the Re´sibois-Piette function,12 which results from
MMT calculations for a Heisenberg system, as well as
‘‘1 1x2’’ scaling law from SCR theory.2 In the case of para-
magnetic scattering, we observe that Ni3Al shows better
agreement with the predictions of the theory for itinera
systems.

IV. DISCUSSION

The analysis of the magnetization and theq dependence
of the spin waves does not allow an unambiguous distinc
between MMT and SCR. In order to obtain a more detai
comparison, we have inspected the scaling behavior of
linewidth of the spin waves,f G(x), nearTC , in the light of
MMT that includes critical fluctuations and dipolar intera
tions ~see Fig. 6!. As the magnetic moments in Ni3Al are
small, we considered the special case of the isotropic lim8

It is seen that belowTC the data as well as MMT yield a
monotonic decrease ofG(q,T) with decreasingT. This be-
havior is in contradiction to the RPA result that predicts
increase ofG(q,T) with decreasingT ~Ref. 3!. We argue that
the q range probed by the experiment corresponds to wa
lengths of spin wavesL that are much larger than the corr
lation distancejc that defines the magnetic moments. The
fore the moments can be considered to be localized w
respect to the spin excitations thus masking itinerant effe

The universality of the spin-wave frequency for ferroma
nets has been highlighted by Schinz and Schwabl9 within the
framework of MMT. In the critical regime, the scaling am

s

-

FIG. 7. Dynamical scaling function for the paramagnetic flu
tuations, as a function of the scaling parameterx5k1/q. The
dashed line represents the Re´sibois-Piette scaling function~Ref.
12!, whereas the solid line (11x2) is provided by SCR~Ref. 2!.
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plitudeW2 connects the spin-wave frequency and the dam
ing at TC :

W25
D0

AAk0
2

, ~7!

whereD0 is the spin-wave stiffness atT50, A is related to
the spin-wave linewidth atTC , G(Tc), andk0

2 refers to the
inverse correlation length. For Ni3Al, we obtainW251.88
60.56. This value lies within the range of the parameters
other ferromagnets like Fe, Ni, Co, EuO, and EuS, wh
1.24(14)<W2<2.07(9) ~see Ref. 9!. Moreover, inelastic
neutron-scattering experiments performed in these ferrom
nets have shown thatG(Tc) can be well parametrized b
Aq2.5, leading to the conclusion that the spin dynamics
localized and weak itinerant ferromagnets show a unive
behavior atTC .

The q dependence of the linewidth atTC and the experi-
mental scaling function belowTC indicate that the critical
scattering cannot be neglected for describing the spin
namics of Ni3Al in the ordered phase.

Above TC the interpretation of the results is less cle
Our results from single-crystal Ni3Al agree well with previ-
ous results obtained from polycrystalline Ni3Al.5,11 In fact,
G(q,T) shows a similar behavior as in other well-know
itinerant systems like MnSi~Ref. 13! and CoS2 ~Ref. 14! and
the results seem to be in agreement with predictions of S
and RPA theory, i.e.,G(q) in the paramagnetic phase
given by Eq.~1!.

The question arises why we observe dynamical sca
behavior belowTC on the one hand and ‘‘itinerant’’ behavio
aboveTC on the other hand. We interpret the discrepan
between the scaling functions in Fig. 7 to be caused by
additional damping of the spin fluctuations by the conduct
electrons. In weak itinerant ferromagnets, the mean-sq
local amplitude of the magnetic moments^SL

2& is known to
be temperature dependent.2 The variations are particularly
important in the paramagnetic phase where^SL

2& increases
linearly with T. The associated damping compensates for
initial decrease of the Re´sibois-Piette function at smallx.
Similar deviations from MMT have been observed in t
metallic Heisenberg ferromagnet Pd2MnSn and interpreted
in terms of damping by the conduction electrons that prov
the Ruderman-Kittel-Kasuya-Yosida interaction between
local moments.15 As a second example we mention N
where G(Tc)5Aq2.5 ~see Ref. 16! although its scaling be
havior above TC disagrees with mode-mode couplin
theory.17

In the light of the above discussion on the dynamical sc
ing function f G(x), we cannot exclude that damping effec
.
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also affect the spin dynamics belowTC . However, in con-
trast toT.TC , one may argue that the combined effects
conduction electrons and critical scattering can lead to a s
ing function that starts with a negative slope, if one assum
that the additional damping caused by the spin-flip exc
tions in the conduction band is reduced with decreasing t
perature. Therefore the latter effects merely lead to a
scaling of the scaling variablex in f G(x). The distinction
between different contributions can be done by determin
the inverse correlation length belowTC , k2. In order to
access this information, it is necessary to study the long
dinal spin fluctuations using polarized neutrons.

V. CONCLUSION

The spin dynamics of weak itinerant Ni3Al has been stud-
ied in detail by means of inelastic neutron scattering bel
and above the Curie temperatureTC . The experimental data
was interpreted within the framework of both itinerant~SCR-
RPA! and mode-mode coupling~MMT ! theories for an iso-
tropic ferromagnet. We have determined experimentally
dynamical scaling function of the magnetic fluctuations
the ordered phase as well as in the paramagnetic phase
temperature dependence of the damping of the magn
fluctuations could be satisfactorily explained in the ferr
magnetic phase as well as atTC by MMT. On the other hand,
the scaling behavior aboveTC matches with the theoretica
predictions for an itinerant spin system.

According to the observedq dependence of the dampin
at TC , we were tempted to analyze the dynamical scal
behavior of the spin fluctuations in the light of MMT tha
includes critical scattering. Nevertheless, this latter mo
does not take into account the itinerant character of Ni3Al,
namely the fact that the mean-square local amplitude of
magnetic momentŝSL

2& is not constant. This feature leads
a modification of the mode-mode coupling dynamical scal
functions. The additional damping caused by the conduc
electrons requires corrections forf G(x) in both magnetic
phases that are qualitatively consistent with the overall
havior of our experimental curves.

On the basis of the results obtained with Ni3Al, we pro-
pose that it would be of interest to include critical fluctu
tions in the magnetic equation of state of SCR, in order
explain the dynamical scaling behavior observed in we
itinerant magnets, within the framework of an itinera
model.
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