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A simple ‘model for the spin polarization around a
- charged interstitial impurity in ferromagnetic
nickel is presented It is based on screening of
- the charge by only 's- electrons, while d-electrons,
considered to be correlated and localized, are re—
sponsible, through an exchange mechanism, for the
s-electron spin Rolarization. Agreement with recent
experiments on | precession in Ni, as well as
neutron diffraction data is satisfactory.
- The hyperfine field experienced by an interstitial positive muon in
o ' ‘ | 1,2
ferromagnetic nickel has.recently been measured”’" to be -0.66 kG at 77 K.
In these measurements, a stopped muon is allowed to precess in the local.
field at the stopping site (presumed in this case to be the octahedral
interstitial site); and this precession is monitored via positrons from
the anisotropic decay of the u . In what follows, an attempt is made to
‘explain the sign and magnitude of the observed hyperfine field via a simple
model.
The conduction electron contribution to the hyperfine field in a

ferromagnet may be written

= =87
Bug = =50

Yooy - Yeovt = g
g [0 (0) n(.0)1—> § by (@) £ (0)

where n (0) and n (0) are conduction electron spin densities. at the impurity,
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and £(0) = [n (0) - n (0)]/n(0). Using neutron diffraction, Mook and
Shull4 found that the moment density in pure ferromagnetic nickel has
the form shown in Fipure la. The unperturbed moment density at the
octahedral interstitial site is:

e

t i 22 -3
n - - = = -0. = -Q. .
[no uO] , Hg &, g 85 x 10 uB(cm 0.079 kG
Consider first a ''very naive' picture in which no screening of the

Q

impﬁ;ity charge occurs. ' Then ‘ n++(0i = n2¢,.giving'3hf = §£ X (—0.079)‘kG
= -0.66 kG, in pérfect»agreemént with experiment. In‘order.to ékpiain

the succeés of this_very.naive picture'wh}le-taking'account of screéning,

a way must be found to increase the charge density at thé.imburitvaithout
'inc:éésing the spin densit&.

It should be noéed at this point that most band structure models”
whiph éonsider'both d- and s-electrons as itinerant_éaﬁnot explain the
exisﬁenCe of larpe regi@ns in the'c:ys;al where the spiﬁ density is
opposite to the méjority spins. This is because the exchange splitting
of éii electrons tends to have the same sign, ;hroughout the Brilloyin
zoﬁe; One notable exception is the work qf'Connollyg, who thrdhﬁh a
self-consistent calculation ob:ains an s—elecfrén excﬁangéfspli:ting
opposite in sign to that of che d~states.

It is in any case probablé that the negative hoﬁent density in the
.interstitigl region of nickel (Fiﬁ. la) ‘is due to ﬁhe 4s-electrons. and
that -the more localized, positive moment is dﬁe to.the 3d~électronsf ‘We
carry this to the extreme in é sinple model which tfeats the 3a—§lectrons'
as perfectly iocaliéed on the nickel cores and the 4s-electrons as forming
~a free elecﬁron nas. Each nickel core contributes 0.6 electrons to the
v&sjband, giviﬁg a uniform unperturbed As-electrqn density né = 4,9 v 10:: cw

A schematic diagram of the unperturbed spin densities according to our

model is shown in Figure 1b. .
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The 4s-electrons move to screen the impuriéy, forming a screening
cloud with a radius given roughly by the Fermi-Thomas screening length

T = 0.6 X, appropriate for this electron density. ..Since the impurity-

- -nickel distance is 1.8 X, all screening is by 4s-electrons in this model.

Using the Lindhard expression for the free glectronvgas dielectric functiong,
one'finds the pertu?bed e;ectroﬁ density a€ the‘impurity is n(O) N5 n -

A simple picture predicts that the screening cioud-has the same
proportion 6f spin up and spin down electrons ‘as the unpérturbed state,
Since the very naive piéture of no scfeening pives the correct hyperfine
field, this direct propbrtibnality hypothesis will give too large a
field (by a factor 5).

Consider now the form of the tétal energy of the freeiés-electrons.
This includes: kinetic enetgy,As;dvexchange energy, sfé exchange enefgy,

and correlation energy. Thus, the energy density in'thé unpefturbed

case is:

= : T+
€ % [Eke + Esd + Fss Ec]’

where V is the volume of the sample. For the moment, we ignore the terms

into spin up and spin down components:

g)>/3

E and Ec and break E

ss
€E = A ns/3
o o

Ke and ES

(1 +7%)

d

S/3 ,
+ (1 - ] + uB Hsd no z.

,' + .
Here, A = 1.44 h", and § = n -n+. The first term is kinetic energy and

n
(o]

3

_comes from summing free electron states for the two spin orientations up

to the Fermi level. In the second term, it is assumed that the effect of

the s-d exchange interaction can be approrimated by a Zeeman interaction

with an effective, uniform, exchanre field, quﬁ

The equilibrium value of the spin density, found by miminizing ic with
-2/3
n / .

sd For the unperturbed case, Co = -0.585/¢4.9

respect to f, is &, -1

= ?0.17; the value of “s is fixed to give this spin density. One finds

d
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that H
s

d Y —lO8 G, a field of the order of normal Weiss fields (but with

the opposite sign). )
The boint impurity is now introduced, and”we assume that_iﬁs Coulomb

- field does not ‘affect the magnetic terms in the hamiltonian. Wé‘aléo.
assume a ''local' app?o#imation, i.e., €, moes to €(x) as n roes to n(x)
and Cé to §(x); the kinetic gnd mggnetic enerpies at the point x depend
only on the charge and spin densities at point x. vTHe‘charge density
ﬁ(x) ié détermined by Coulomb effects, with a nééliéible maﬂhetic contri--
bution.

It is only the>region'near tﬁe impurity tﬁat is of interest, so we
minimize €(0) with respect to [(0) to find the equilibrium spin density 
at the impqrity} Qe may then investigate how ¢(0) changes with n(0) |
(ine.,.what the relation is Setween the charge and spin densities at the
impurity). I; is convenient to define two quantitiesf ps = n(0) z(0) and

: : v hn ot

o ’o :
compare

pq = n(0) , ‘the relative.séin and charge densities, thch
" the perturbed and unperturbed>states. The succeés of the vefy
naive piéture'implies that the true value of pg must be*cloge to 1, aﬁd
the calculatibn of the Lindhard screening impiies that pq must be ~ 5.
From a ploﬁ of the calculaped'relationship between pé and-pq (Fig.2), it
is clear that ﬁhe modelbis'a-donsiderable improvemént over the direct
proportionalityvhypothgsis‘(pd = pé). rwhen the effects of s-s.exchange
.and COrrelaﬁiénlo aré takeﬁ idﬁo account aécording tb_ﬁenerally accepted

4/3 '+ 4/

Z.'_ : .
schemes {E o 00/3 ((1+ ¢) (1 -7 ?] and Ec ©n, [(L + ) log (1 + 7)

SS

+ (1 -7 log (i_"C)]} :ﬁé ag;eement_improves slightly (seé Fig. 2).
-However, we have hade a serious error in usin# the local approximétion

in the expression for the energy denéity in the perturbed state. The local

apprqximation can only be-valid when changes in charege density occur slowly

over a typical electron wavelength A v l/kF "V a, where a is the lattice
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constant. But thé_charge density near the impurity’éhangES drastically
in é distance rs‘= 0.6 % =.a/6 < a. Thus thé'local approximation is not
valid, and one cannot havevmuéhvconfidence in Ehe ﬁuantitatiVe aspects of
the éalculation. ' |

It is hoped, however, that the main theses of our argument will hold
Qp to cldséf scrétiny. These are: 1) The neutron diffraction data
correctly give the moment densigy, and the négatiye intérstiﬁial moment
is from qﬁasi—free 4s-electrons. This implies an antiferromagnetic's—d

exchange interaction analagous to that found in rare earths™ . Ve believe

+ : .
the U result and our simple theory support the neutron work. 2) The 3d-

electrons participate only weakly in screening the impurity as if they

were highly correlated on each Ni core, moving essentially as a localized

12

unit.‘_Such a high degree of ;orrelation is evident™“ in NiO. 3) The

kinetic energy increase accompanying a build-up of one spin orientation

in the.séreeding cloud keeps the spin density at the impurity low while

the charge density increases.
An extension of the theory presented.may be made to the case of
Knight shifts seen by point impurities in normal metals simply by re-

placing Hs by the known applied external field.  Since Co'is proportional

d
to ﬁhis'field, so is the hyperfine field, as in the case of Knight'shifts.
The results of'a_calculation of AB/B for various values of n(0) is bre~‘

sented in Figure 3a. The rise at lov densities found when s-s exchange

and correlation are included is the well known exchanne.enhaﬁccmént of

the spin susceptibility.
Data of Knight shifts of 1 precession frequencies of Hutchinson

13 .
g£_§£.3 (Figure 3b) follows the general shape of the exchange enhanced

theoretical curve.
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" Measurements of the local magnetic field at positive muons stopped

, 1,14 14 , ‘
in ferromagnetic iron . and cobalt have recently been published. The.
case of iron is ambiguous due to non-zero dipolar fields and a complicated

moment.densi_ty15 at the interstitial sites. The hyperfine field at the

muon in ferromagnetic cobalt  agrees qualitatively with a "no screening"

picture
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FIGURE CAPTIONS *'

. FIG. 1. a) !Magnetic moment density along the [l00] direction in
ferromagnetic Ni as measured by neutron scattering. ' b) Sclematic . i

diagram. of spin distribution according to a simple model.

FIG. 2. Calculated relgpionships between the relative charge and spin ‘ o (
densities (pd and‘ps)‘at;the impurity site. pq and bs ére the chafge

_and spin’densities at the impurity normaiiied to the unperturbed, or
impufity—absen;,situation. -The’straight line ps'= pé'teppesents the

‘”direct propOrtiobélity" hypothesis, while the remaiﬁing curves are the

result of ﬁodelvcalculatioﬁs involving the designated terms in the

expression for the free electron energy Efe'

FIG. 3. a) :Calculated dependence of the impurity Knight shift (AB/B)'

on the.free electron charge density at the impurity n(0). Thevtwq curves.
represent calgulations involving the designated terﬁs in the expression
for the free»elgctron energy Efe' Ez is.the Zeeman energy pf th; free
electrons in the-externaliy appiied field. b) Knight shift data13 of
u+ in various métals._ Here, n(Q) is the free electron density at the

. o . | ,
H , calculated as described for Ni in the text.
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