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High-energy paramagnetic spin fluctuations in nickel
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~Received 18 March 1998!

The spin fluctuations with large wave vectors in paramagnetic nickel aboveTc have been studied by means
of computer calculations of the dynamical susceptibility. The spectral function and the cross section for
neutron scattering have well-defined peaks that indicate the special character of the dynamics of 3d electrons
in Ni. The peak has not, however, resonance shape. The structure of spin excitations is determined by critical
spin dynamics as well as by electronic energy bands.
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I. INTRODUCTION

The nature of the spin fluctuations in the paramagn
phase of the ferromagnetic 3d metals is still not satisfactorily
understood. The reason for this is the nonlocalized magn
moment and the special role of the kinematics of the e
trons~the 3d band is very narrow compared to thes band!. A
particular focus of attention has been on the possibility of
persistence of spin waves into the paramagnetic pha1

Nickel, having completely delocalized magnetic moments
an appropriate sample for experimental investigation of
specific character of the spin dynamics of 3d metals. The
detection of a well-defined peak with a quadratic dispers
law in the cross section for the scattering of neutrons in
paramagnetic phase of Ni in the constant energy scan2 has
suggested the possibility of the existence of spin wa
above the Curie temperature. In a constantq vector scan,
however, the experimental results, for moderateq ~0.4,q
,0.6 Å21! have been controversial. There are measurem
in which the cross section shows a peak at nonzero ene
these have been interpreted in terms of propagating
excitations,3 but their existence was not confirmed by oth
measurements.4 Because of this controversy, computer c
culations of the cross section, based on realistic energy b
and the real crystal structure of Ni, have been carried o5

For smallq vector q<0.3 Å21, the computer cross sectio
agreed well with the experimental one. For moderateq, the
position of the peak in the cross section is in accord with
experimental results; however, this peak appeared to be
wide to be related to the propagating spin excitations. Si
then, new measurements of the cross section have been
for large q vectors ~ q'0.78 Å21!,6 and the results have
been treated as convincing evidence for the existence
propagating spin-wave excitations in the paramagnetic ph
of Ni. Because the results of these measurements are
garded as crucial to the understanding of the nature of
spin fluctuations in the 3d metals in the paramagnetic phas
it would be desirable to have a microscopic theory that c
ers a wide range ofq vectors.

The problem is complex since it concerns thetime-
dependent, large spin fluctuations in the high-temperatu
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~paramagnetic! phase of Ni. At this temperature, the critica
ity of the fluctuations is important~or at least it is not neg-
ligible!. Consequently, many-body effects should be tak
into account~to obtain the correct thermodynamics!. The
most reliable dynamical mean-field approximation, which
based on density-functional theory, gives a satisfactory
scription of the static properties of paramagnetic Ni~under
additional assumptions concerning the structure of param
netic state!.24 A correct~i.e., v is not considered as a param
eter only! extension of this theory to time-dependent quan
ties requires the use of time-dependent density-functio
theory.25 For our case, its application is a problem that h
not been solved yet.

We follow a many-body approach.1 This approach, which
focuses mostly on the correct treatment of time-depend
spin fluctuations~their correlations! rather than on the self
consistency of the energy bands and spin fluctuations, yi
the correct thermodynamics, however. Our aim is the an
sis of time-dependent spin fluctuations with largeq vector,
q*0.78 Å21, by means of computer calculations of the d
namical susceptibility. We have computed the cross sec
for the inelastic magnetic scattering of unpolarized neutr
in paramagnetic Ni at a temperature of 700 K in the~1,1,1!
direction ~in constantq vector scan!. The calculations are
based on a dynamical mean-field-like approximation with
q- andv-dependent effective interaction evaluated in the p
larization potential approximation7 ~for TÞ0!. The two q-
dependent parameters of the effective interaction are ev
ated using results of the renormalization-group theory.8,9 In
our calculations we are able to describe time-dependent
fluctuations taking into account their correlations and cr
cality as well as the energy-band effects.

II. BACKGROUND THEORY

The fluctuations of the magnetic-moment density are
scribed by the correlation function of magnetization~the
structure factor!, which is connected, via the fluctuation
dissipation theorem, to the imaginary part of the dynami
susceptibilityx(q,v). The quantity that is measured direct
in inelastic-neutron-scattering experiments is the struct
12 075 ©1998 The American Physical Society
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function S(q,v) that is related to the dynamical susceptib
ity

S~q,v!5
2

12e2bv Im x~q,v!. ~1!

It is useful to representS(q,v)by the shape functionf(q,v)

S~q,v!52x~q!f~q,v!
v

12e2bv . ~2!

The dynamical susceptibilityx12(q,v) can be expressed b
the formallyexactexpression1

x12~q,v!5
x0

12~q,v!

12I ~q,v!x0
12~q,v!

. ~3!

The functional I (q,v)describes the correlations betwe
electrons andx0

12(q,v) is the dynamical susceptibility o
noninteracting electrons. For strongly correlated elect
systems the evaluation ofI (q,v) is the main problem in the
calculation of a dynamical susceptibility. In the Hubba
model, in the random phase approximation,I (q,v) is q and
v independent; i.e.,I (q,v).I 05const. Even in that ap
proximation the spin dynamics of 3d metals, in the ferro-
magnetic phase, is described sufficiently well near the s
wave resonances. In the paramagnetic phase, however
has to know the spin dynamics over a wide range of ene
v. It requires essential renormalization ofI 0 making itq and
v dependent.

It has been shown that the neutron-scattering cross se
calculated withx12(q,v), given by Eq.~3!, fits the mea-
sured cross section of paramagnetic Ni well5 if I (q,v) is
assumed to be independent ofv. ThusI (q,v) is sensitive to
the value ofq, but it is weakly dependent onv as long asq
is not too large (q<0.5 Å21!. Such behavior ofI (q,v) is
expected becauseI (q,v) depends on higher correlatio
functions. It allows us to use the approximationI (q,v)
>I „q,vc(q)…5I (q) ~wherevc is the characteristic energy o
the system!.

Now the static susceptibility defined asx(q)
5*x(q,v)dv is related to I (q) through Eq. ~3! with
I (q,v).I (q). This relation gives the possibility of obtainin
I (q) from the measuredx(q)and hence of calculating th
dynamicalsusceptibilityx(q,v) on the basis of thestatic
one. Although this procedure was successfully used
q,0.6 Å21,5 it does not give satisfactory results for largeq
(q.0.6 Å21!. There are three reasons for this:~a! the de-
pendence ofI (q,v) on v is not negligible,~b! there are no
reliable measurements ofx(q) for largeq,10 ~c! *x(q,v)dv,
unlike Im x(q,v), is not sufficiently sensitive to the form o
I (q).

III. POLARIZATION POTENTIAL APPROXIMATION
FOR I „q,v…

A model for theq andv dependence ofI (q,v), for small
q,v ~q/qF , v/vF!1) is given by the Landau theory o
Fermi liquid11

I ~q,v!5F01F1~v/q!2 ~4!
n

n-
ne
y

on

r

~for the relation between paramagnon and Fermi-liq
theory, see Ref. 11!. F0 andF1are the Landau amplitudes o
the antisymmetric part of the effective interaction betwe
quasiparticles withl 50,1. Unfortunately for largeq ~q
.0.6 Å21; i.e., q more than halfway to the boundary of th
first Brillouin zone!, the Landau modelI (q,v), Eq. ~4!, does
not give satisfactory results, as can be checked by comp
calculations.

A simple extension of the Landau theory for largeq,v is
the polarization potential theory7 that successfully describe
interacting fermions systems like He3 ~Ref. 7! or electrons in
paramagnetic metals.12 It takes into account more compli
cated processes in the scattering of particle-hole pairs
their multiscattering by the direct potential~the Landau ap-
proximation! and it includes also multipair processes. No
however that polarization potential theory is a mean-fi
theory.

The polarization potential theory assumes that the indu
scalar potentialfpol(q,v) and induced vector potentia
Apol(q,v)are proportional to induced charge and curre
densitieŝ r(q,v)&, ^ j (q,v)&

fpol~q,v!5F0~q!^r~q,v!&,
~5!

Apol~q,v!5F1~q!^ j ~q,v!&,

which in turn couple to the charge densityrq and to the
current densityjq via terms rqfpol(q,v)and jqApol(q,v).
Note that one is assuming thatF0(q) and F1(q)do not de-
pend on v. The conservation law of charge couple
^r(q,v)& to j (q,v)leading to the response function given b
Eq. ~3! with I (q,v) written as

I ~q,v!5F0~q!1F1~q!~v/q!2, ~6!

if Eqs. ~5! are considered for the electron spins a
x0

12(q,v) is replaced by the response of a system to
local ~screened! field. Hence,I (q,v)in the polarization po-
tential approximation has the same form as the Landau
proximation, Eq.~4!, but F0, F1 are now renormalized in
such a way that they becomeq dependent. The polarizatio
potential theory can be justified by a microscopic treatm
of strongly correlated fermion systems13 where, by solving
the Bethe-Salpeter equation for the vertex function for la
q,v, one obtainsI (q,v) in the form of Eq.~6!. The form of
the functionsF0(q),F1(q)are strongly restricted by the ex
change symmetry of a system. The evaluation ofI (q,v) in
the framework of microscopic theory will be done by u
elsewhere.

Although the Landau and polarization potential theor
were developed for zero temperature, the form ofI (q,v) for
TÞ0 can be taken as that for zero temperature, but now
functions F0(q),F1(q)are temperature dependent. This
because the form ofI (q,v) follows from the relations be-
tween the potentials of electromagnetic field, the induc
densities~of charge and spins! and the currents, and thos
relations are very general. The screened susceptib
xsc

12(q,v) contains contributions from multiparticle pro
cesses. Since the amplitude of multiparticle processes
are relevant for the susceptibility are proportional to t
small parameter (KBTrF)4/3;0.05~T5700 K, rF is the den-
sity of states at Fermi surface!14 we have used the approx
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mation xsc
12(q,v);x0

12(q,v), which seems to be suffi
ciently good in our case.7 In this sense the polarizatio
potential theory of the dynamical susceptibility is an a
proximation for the general expression Eq.~3!, giving a
model for the functionI (q,v). In our calculations the
temperature-dependent functionI (q,v) in Eq. ~4! has been
used in the polarization potential approximation, Eq.~5!. It is
clear that this approximation goes beyond paramagnon t
ries.

IV. EVALUATION OF THEORY PARAMETERS
F 0„q…,F 1„q…

Over the range of parametersT,q,v in which we are in-
terested, the correlation lengthj is not small andjq;6 for
q50.78 Å21 in nickel. The scaling hypothesis works in dy
namics forjq@1 and so the system is still in the regio
where the criticality of spin fluctuations plays an importa
role. To determine the functionsF0(q) andF1(q)in I (q,v),
a phenomenological model of the critical spin dynamics o
ferromagnet in the asymptotic renormalization-gro
approximation8,9 has been used. The cross section for n
tron scattering, calculated in the framework of this theo
describes sufficiently well the measured cross section in
paramagnetic phase of Ni for small to intermediate value
q ~q,0.6 Å21!.4,5,9 According to the phenomenologica
theory of spin fluctuations in the paramagnetic phase o
ferromagnet ~in the critical region!, the shape function
f(x,s) for T.Tc andarbitrary q,v has the form8,9

f~x,s!5Re
1

2 is1@Z~x!P~x,isZ~11x22!#21 , ~7!

where

P~x,iw !5@~11bx22!5/42aiw#3/5,

andx5qj, s5v/vc . Herej is the correlation length, which
scales according toj51.49(T/Tc21)20.735for Ni, andvc is
the characteristic frequencyvc5Aq2.5V(qj). The scaling
function V(x) is obtained by the requirement thatvc is the
half width of the structure factor

V~x!5~11x22!Z~x!/Z~`!,

where

Z~x!5F12a arctanS a
11x22

~11bx22!2D G21

~11bx22!23/4.

Thea,a,b, being the model parameters, depend very wea
on x, however. Their values area50.46, a50.51, b53.16.
The parameterA is the free, adjustable parameter that can
fixed by a fit to experiment. At low to intermediateq ~q
,0.6 Å21! the best fit isA5390 meV Å21.

The effective interaction parametersF0 ,F1 usually are
calculated in a microscopic model or else they are de
mined by the fit of a measured quantity to the experimen
value. In our caseI (q,v), and consequentlyF0(q),F1(q),
has been determinedanalytically by comparing the spectra
function, calculated from Eq.~3!, with the spectral function
Eq. ~7!, obtained in the renormalization-group model
-

o-

t

a

-
,
e
f

a

ly

e

r-
l

Im x~q,v!/v5x~q!f~qj,v/vc!. ~8!

We can expect that an effective interaction is a smoot
function ofq andv than, for instance, the dynamical susce
tibility, which makes it more useful in an estimation proc
dure. Imx(q,v)in Eq. ~8! was evaluated using Eq.~3!
where an (v/q) expansion for Imx0(q,v), Rex0(q,v)
was used with coefficients determined by the energy-b
structure.1 x(q), at high q, was approximated by an
Ornstein-Zernike extrapolation of the low-q experimental
data~but with a larger correlation length than that obtain
by scaling, as is suggested by experiment10!. The procedure
described above for the calculation of an effective interact
can be used also in the high-q regime~q>0.6 Å21!, which
is the focus of this paper. We have to keep in mind, howev
that the renormalization-group theory works better for sm
x, s. I (q,v) obtained in that way is a decreasing function
q ~‘‘screening effect’’! for q.0.5 Å21 ~see Fig. 1!. There is
analogousq dependence of the functionI (q,v) in strongly
interacting fermions systems like He3 ~Ref. 7! or paramag-
netic metals.12 Having the effective interactionI (q,v), the
dynamical susceptibilityx(q,v) @and the cross section
S(q,v)# was calculated using Eq.~3!, where the computed
x0

12(q,v) given by Eq.~9! has been used. The Imx(q,v)
andS(q,v) calculated in that way are stable with respect
small variations ofA and x(q) and are in good agreemen

with experiment forq,0.6 Å21.5

In the polarization potential approximation the contrib
tion of interaction processes to Imx(q,v), which renormal-
ize the effective interaction, are neglected. This approxim
tion seems to be reasonable because the amplitude
multiparticle processes relevant forx12(q,v) are propor-
tional to the power of the small parameter (KBTrF)4/3

FIG. 1. Theq dependence of the polarization potential para
etersF0(q),F1(q); see Eq.~6!.
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12 078 PRB 58P. RUSEK AND J. A. BLACKMAN
;0.05. It means that the cross section calculated w
x12(q,v) from Eq. ~1!, whereI (q,v) is used, has an un
derestimated half width.

The off-diagonal elements ofx0 st
12(q,v) yield an addi-

tional contribution to the effective field acting on the sp
~local-field correction!.15 It is strictly a crystal effect and it is
important for high temperature and largeq. Consequently,
x0 st

12(q,v) is calculated beyond the form-facto
approximation.16

The question whether or not the magnetic splittingD in
the paramagnetic phase of Ni is zero, at least locally, is
not satisfactorily solved.17 Since no splitting has been foun
to date in the paramagnetic phase of Ni, in contrast to
case of Fe,18 we have put the magnetic splitting equal to ze
in our calculations.

V. RESULTS AND DISCUSSION

We now proceed to calculate the scattering funct
S(q,v) and the spectral function Imx12(q,v) using Eqs.
~1! and~3!, the model functionsF0(q) andF1(q) displayed
in Fig. 1, and realistic electronic energy bands. The susc
tibility of noninteracting electrons

x0 st
12~q,v!52N21 (

l ,m,k

nm~k!2nl~k1q!

em~k!2e l~k1q!1c1 ih

3^m,kue2 iqsru l ,q1k&^ l ,k1queiqtrum,k&,

~9!

is calculated using semiempirical energy bandse(k).19 These
bands are in good agreement with the photoemiss
experiment.20 In Eq. ~9! we have taken into account the um
klapp processes:q5q1K , whereK is a reciprocal lattice
vector.

We have carried out the calculation of the scattering fu
tion S(q,v) and the spectral function Imx12(q,v) using
x12(q,v) from Eq.~3!, andI (q,v) calculated from Eq.~8!.
The results of our calculations forT5700 K and q
50.772 Å21 are shown in Figs. 2 and 3. There is a we
defined peak atv0;140 meV in the scattering and spectr
functions in good agreement with thev0;135 meV sug-
gested by experimental measurements.6 It indicates that de-
spite the specific electronic structure of Ni, the spin fluctu
tions with energies nearv0 dominate according to
macroscopic theory.9 Nevertheless, the specific kinematics
the electrons in the 3d energy bands in Ni and the correla
tions between them influence much of the dynamics of
spin fluctuations. This influence is expected to be signific
for q.0.3 Å21 because with increasingq vector, in that
region, the enhancement ofx0 st

12(q,v) decreases wherea
the peak position is shifted to higher energies. The esse
reduction of the half width of the peak, compared to t
results of phenomenological theory, is due to band effect
indicates that 3d electrons in Ni yield a considerably les
effective dissipation channel in spin systems than phen
enological theory has assumed. Note that the half width
the spectral function calculated with parabolic energy ba
is very large compared to that obtained with realisticd
bands. The energy-band structure is responsible also fo
significant decrease in the value of Imx12 and S(q,v) at
h

ill

e

n

p-

n

-

-

e
t

ial

It

-
f
s

he

v15140 meV that substantially influences the shape a
thus also the position of the peak. This is caused by a
nificant decrease in the value of the dynamical susceptib
of noninteracting electronsx0 st

12(q,v), in this v range, since
Im x0 st

12(q,v) behaves analogously to Imx12(q,v) in the
neighborhood ofv;140 meV. In our case, unlike the exper
mental results,6 the low-energyv ~v,100 meV! spin fluc-
tuations can be relatively easily excited~they have relatively

FIG. 2. The calculated imaginary part of the dynamical susc
tibility; q50.772 Å21.

FIG. 3. The scattering function computed using realistic ene
bands~solid line! and calculated in the framework of renormaliz
tion group~dashed curve!; q50.772 Å21.
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high spectral weight!. It results in the wide peak of the spe
tral function Imx12(q,v). This peak has considerabl
smaller half width than that predicted by macrosco
theory; it has the half widthG ~G;140 meV! which is com-
parable with its positionv0;140 meV. HenceG>v0 and
therefore it is difficult to interpret it in terms of propagatin
spin excitations. The calculated Imx12(q,v) and S(q,v)
for q.0.78 Å21 are stable with respect to changes in t
adjustable parameterA and are consistent with our results f
x12(q,v), in the region of not largeq ~q,0.6 Å21!.

To make our results more reliable, we have calcula
Im x12(q,v) and S(q,v) for very large q vector q
50.965 Å21 ~Figs. 4 and 5!. For thisq vector the peak in
Im x12(q,v) is more pronounced in comparison to that f
q50.772 Å21 and its position is shifted slightly to largerv,
mainly due to the change of its shape. These results a
with experiment.6 However, the increase in the spectr
weight of spin fluctuations with largev ~v.150 meV! when
q is increased, is small compared to those suggested by
periment. It is for this reason that the shift of the peak po
tion is small compared to experimental results, and con
quently its half width is still comparable with its position
Such behavior of the spectral function is caused by thed
electron kinematics in Ni; its peak shifts to higher ener
more strongly for parabolic energy bands than for realis
ones~but giving in that case a very wide peak!. Note that the
structure of the spectral function of the spin fluctuations
dicates that the contribution of high-energy spin fluctuatio
to the integral quantityx(q) andS(q) is significant. In par-
ticular, integration ofx(q,v) up to a value of 100 meV
gives an underestimated value ofx(q).10

VI. CONCLUSIONS

In conclusion, we have studied spin dynamics for largq
vector in paramagnetic Ni in a mean-field-like approxim
tion. The effective interaction between electrons was eva

FIG. 4. The calculated imaginary part of the dynamical susc
tibility for large q vector;q50.965 Å21.
d

ee
l

x-
i-
e-

c

-
s
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ated in the framework of polarization potential theory, whi
is relevant for the description of correlated electrons~and it
goes beyond random phase approximation!. The unknown
effective interaction parametersF0(q),F1(q) were deter-
mined by the requirement that our theory reproduces
renormalization-group theory results which, in turn, descr
experiments satisfactorily~at least for not largeq!. Our cal-
culations show the existence of a peak in the cross sec
for neutron scattering and yield its position in good agre
ment with experiment. The appearance of that peak or
nates from the interplay between two effects. The analysi
critical spin dynamics shows that the spin fluctuations w
energyv0 should dominate as the consequence of the c
servation law of magnetic moment.9 On the other hand, the
dynamics of these fluctuations should obey the strong c
straints imposed on it by the kinematics of the 3d electrons
in Ni. It results in a considerably better defined peak in t
cross section than that predicted by macroscopic theo9

However, it is too wide for interpretation in terms of prop
gating spin excitations.

In our calculations the exchange splittingD was put equal
to zero for paramagnetic Ni, according to experiment.
improvement to our results can be expected by taking i
account the existence of short-range order aboveTc.

21,22Our
considerations suggest that a new, more basic theory of
fluctuations aboveTc in 3d metals is needed, and in particu
lar one that treats self-consistently the dynamics of electr
and spins, especially in the critical region.23
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FIG. 5. Computed scattering function of largeq vector; q
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