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NEUTRON SCATTERING IN FERROMAGNETIC DILUTE ALLOYS
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A new basis for the analysis of the neutron elastic-diffuse-scattering data in ferro-
magnetic dilute alloys is formulated and Low and Holden's data on PdFe are analyzed
from this viewpoint. We especially discuss the impurity-concentration dependence of
the range of the conduction-electron spin polarization about the magnetic impurity.

From measurements of the neutron elastic dif-
fuse scattering in ferromagnetic dilute alloys one
obtains information concerning the spatial distri-
bution of the conduction-electron spins as well as
the spin on the impurity atom. ~ The alloys of
Fe or Co in Pd are especially interesting since
the conduction-electron spin polarization has

0
been shown to have a very long range, -10 A.
This exceedingly long range of magnetic pertur-
bation due to a magnetic impurity is attributed to
the large exchange enhancement of the Pd matrix'
and the interatomic nature of the electron-elec-
tron interaction. '

Another interesting aspect of the problem, al-
though it has received less attention, is that the
range of conduction-electron spin polarization
around a magnetic impurity decreases sharply
with increasing concentration of magnetic impu-
rities, i.e., the neutron scattering experiment
shows that increasing the Fe or Co concentration
from -0.5 to 4.0 at.% reduces the range from 10

0

to 1 A. In this Letter we present an analysis of
the concentration dependence of the conduction-
electron spin polarization in ferromagnetic dilute
alloys. The basis of our analysis is as follows:
In exchange enhanced metals, the spatial extent
of the spin polarization around an impurity dis—

turbance may decrease sharply as the spin split-
ting of the host matrix increases. Increasing
the impurity concentration in dilute ferromagnet-
ic alloys leads to an increase in the spin splitting
of the host matrix bands. We have derived an ex-
pression for the conduction-electron spin polar-
ization which self-consistently includes the con-
centration dependence of the spin splitting of the
host matrix and accounts for the sharp concen-
tration dependence observed in the neutron-scat-
tering experiments by Low and Holden. ' In ana-
lyzing the neutron-scattering experiments we
show that simple parabolic bands with 0.36 hole/
atom' are a very poor approximation for the 3d
hole bands of Pd. This is in agreement with re-
cent band-calculation results. ' Further, the fall-
off with p of the susceptibility function for the ac-
tual band is expected to be significantly more
rapid than that for a parabolic band.

The Fourier component of the conduction-elec-
tron spin polarization (o'z(q)) (q & 0) in terms of
which the neutron scattering cross section will
be described [see Eq. (6) below] is calculated
starting with a finite number of magnetic impur-
ities in the system. We obtain the following ex-
pression using the random phase approximation
assuming the spins are ferromagnetically ordered
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along the ~ axis:

1-U(q)'X.,*(q)X. *(q)

where

X0,(q)
Xog*(q)-1 8(q)X (q)

(' '" -)
00

In Eq. (l ) the bands of the conduction electrons of the host metal are approximated by an l-fold degen-
erate band of the same structure, J'(q) is the s-d exchange integral, EIf(q) is the form factor of the
host matrix band N is the total number of atoms in the system Sz(q) =pp;z exp(iq&;), where S; is
the imPurity Fe sPin at the lattice Point R;, and g0o(q) is the unenhanced longitudinal sPin suscePtibili-
ty of each 3d band:

xo,(q)= -),, '

k 0' k'+g~ &

where ep +
= ey + [J(0)/N](Sz(0))+ U(0)n+-8(0)n~, and

f&,
= {exp[P(e&,-u)]+ I]-'. (4)

U(q) is the Fourier component of the electron interaction (Coulomb repulsion) between electrons of op-
posite spins, including intra-atomic and interatomic and intraband and interband components, and 8(q)
is the electron interaction (exchange minus Coulomb) between electrons of parallel spins, again in-
cluding intra-atomic and interatomic and intraband and interband components, no is the number of
conduction electrons with spin 0, and p is the chemical potential.

Equation (1) is valid only for q &0 and Eq. (4) is obtained for the q =0 case. Equation (4) is the basis
of the Stoner model. An important point to note about Eq. (1) is that here X0o or X0o* is a function of
the uniformly spin-split Fermi distribution function fyo. The fact that the more concentrated FePd
system is ferromagnetic and the conduction-electron bands are spin split has not been taken into ac-
count properly in the usual formulation of the spin polarization problem where only a single impurity
is introduced into the Pd matrix. '~' If we consider (a'z(q)) in the one-impurity limit, Eg. (1) reduces to

(q) 'g—
H B z g p, N z P I-{U(q)+8(q))y (q)

(5)

where y, (q) is obtained from Eq. (3) by replacing the spin-dependent Fermi distribution function f~o by
the paramagnetic spin-independent Fermi distribution function fp. Notice that the quantity in the brack-
et on the right-hand side of Eq. (5) is the paramagnetic susceptibility of the host matrix.

To analyze the neutron scattering data such as that of Low and Holden, we have derived a general
form for the elastic diffuse scattering cross section:

ye' &' &o (q))

dO 2 2f sin'o'(S )'N0 RIFI(q)+RE(S ( ))
(1 ~5,K '

where in Eq. (6) the average is taken over a ran-
dom distribution of impurities. [Notice that in
Eq. (1) this average is not taken yet.] K is zero
or the reciprocal lattice vector, gl and gIJ are,
respectively, the g factor of the impurity and
host-metal electron spin, I"1(q) is the form fac-
tor of the impurity spin, (Sz) is the expectation
of the ~ component of the individual impurity

spin, No is the number of the impurity, n is the
angle between the ~ axis and the scattering vector
of the neutron (Low and Holden normalized their
data with sin'e = 1), and (y'e/2m, c')' = 0.073 b.

If we were to use Eq. (5) instead of Eq. (1) for
(&z(q)) in Eq. (6), then (da/dA)/N, would be inde-
pendent of impurity concentration. This is quite
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contrary to what is observed experimentally
even for dilute alloys as shown in Pig. l. To in-
terpret the observed sharp changes in da'/dO it
has been Suggested that in a system with a finite
concentration of magnetic impurities, . the long-
range tails of the conduction-electron *spin polar-
ization would overlap. Accordingly, the conduc-
tion-electron spin polarization per impurity
could decrease due to the nonlinearity of electron
spin susceptibility caused by the saturatioo of
the magnetization. This argument has not been
developed quantitatively. The formulation of
(&z(q)) and do'/dO in this Letter, Ejs. (1) and (6),
accounts for the nonlinearities of the conduction-
electron spin polarization due to impurities in a
self-consistent and quantitative manner. To re-
produce the experimental data from Eqs. (1) and

(6) for PdFe dilute alloys we adopt these addi-
tional simplifications: We assume three equally
occupied parabolic d bands (corresponding'to the
three nonequivalent & points), and g(q) is set
equal to zero, since the magnitudes of the Cou-
lomb and exchange integrals between electrons
of the same spin are approximately equal. Thus
&00+(q) in Eq. (1) is simply ypo(q). U(q) is ap-
proximated by a Lorentzian U(q) = U(0)(1+Bq'/
12kF') ', where 8 is chosen to fit the observed
q dependence of the neutron scatter'ing in the
very low-impurity limit and remains constant
for the more concentrated calculations. The g
factors of the impurity and host-metal electrons
are set equal to 2, g~=gg=2. In the smaI1& re-
gion in which we are interested, the q dependence
of F~(q), FI(q), and J(q) are neglected compared
with that of gpo(q) and U(q) in the denominator of

0—
0 05 I 0
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FIG. 1. The dots are the neutron, -scattering data ob-
tained by Low and Holden. The solid lines are a theo-
retical fit with kp = 0.5 A ~ and 8 = 7.

Eq. (1). If we are interested in the large q re-
gion F~(q) FI(q) and &(q) are most important
and must be included.

All the parameters appearing in Eqs. (1) and

(3) can be obtained from experimental data and
are estimated as follows: J(0) = 0.15 eV, & = 2,
and N(0)U(0) = 0.9, where N(0) = m*kF/2m'k' is the
density of states of each of the three d bands of
Pd at the Fermi surface, the total. moment per
Fe atom in the low-impurity limit is approximat-
ed by 10pg, and kp = 0.62 & 10' cm ', yielding
the total number of holes/atom equal to 0.36.'
The only parameter remaining to be determined
is & which characterizes the range of the elec-
tron interaction U(q). We choose 8 so as to re-
produce the lowest concentration data (see the
bottom curve in Fig. 1). We expect that the
changes observed in do/dA for higher concentra-
tion data should be reproduced automatically
simply by changing the impurity concentration in
the calculation. With kF = 0.62 & 10' cm ' and B

12, the lowest concentration data can be satis-
factorily reproduced; however, the sharp change
in the scattering cross section as the Fe concen-
tration increases from 0.26 to 4.0/o is not real-
ized. Namely, the theoretical relationship ob-
tained for the impurity concentration c versus
the Variation of the neutron scattering cross sec-
tion from Eq. (1) is about half as rapid as the ex-
perimental data. This difficulty can be resolved
by considering the actual band structure of Pd
more properly. Recent band calculations' indi-
cate that the slope of the density of states at the
Fermi surface is about twice as rapid as that
which would be obtained in our parabolic approx-
imation normalized to 0.36 holes/atom. There-
fore, as far as the small impurity concentration
region is concerned where the band structure
near the Fermi surface is important, the actual
bands would be better represented by a parabolic
band with a smaller kF'=0. 62 A '/2"~-0. 5 A

and accordingly, a larger effective mass m'*
= 2 'm*. These values for k F' and m'* give the
same density of states at the Fermi surface but
have a slope twice as big as that with kp=0. 62 A.
With this set of parameters and with & = 7, the
observed relation between (do/dQ)/N, vs c is sat-
isfactorily reproduced as is shown in Fig. l.

One final point to be discussed is that to fit the
data a rather large value for B was required. .

Since the magnitude of the interatomic electron
interaction has been estimated to be about „of
the intra-atomic electron interaction, "B should
be on the order of 1. The usual range parameter

1746



Vor.vMz 21, NvMazR 26 PHYSICAL RKVIKW LKTTKRS 2) DECEMBER 1968

& which characterizes the large distance behav-
ior of the spin polarization of the form exp( —ter)/
r is obtained by expanding Eq. (1) for small q. In
the very low-impurity concentration limit w

=(12kF'[I-N(0)U(0)]/[1+K(0)U(0)B] j"'. A best
fit to do/dQ leads to &-0.2 A '. (Note that this
value is smaller than &=0.3 A ' obtained by Low
and Holden in their analysis of their neutron
scattering data. ) The above expression for z re-
lies on the fact that for a parabolic band )(0(q)
-N(0)[1- P(q'/kF')] for small q. As indicated
above, the actual bands in Pd are different from
parabolic and more generally the small q expan-
sion of )(,(q) is N(0)[1-(A/12)(q'/kF')] with A & 1.
The expression for ~ then becomes (12kF'[I
-&(0)U(0)]/[A+&(0)U(0)8]] "'. In our analysis,
as well as in others', a rather large value of &
was required. The magnitude of 8, however,
can be reduced if A & 1, and we fee1. that this is
the case in Pd.
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