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In the absence of an applied magnetic field, a process which will permit the existence of a
Fermi contact hyperfine interaction at the cu® nucleus, which is not zero when summed over
the randomly oriented spins of N conduction electrons, is the scattering of s-wave electrons
from the exchange potential of an open-shell impurity atom located at a distance R from the Cu
nucleus, and then the subsequent Fermi contact interaction at the Cu nucleus. This is a two-
center scattering analog of the virtual process which is responsible for most of the Fermi con-
tact hyperfine structure of open-shell atoms (polarization of the closed s core). The first-or-
der energy due to the Fermi contact interaction with the conduction electrons at the Cu nucleus,
which have first scattered from Mn impurity atoms, is calculated as a function of R. It is
found to change sign before R=4.8299 (nearest-neighbor distance), between R=4.8299 and
R=8, and betweenR =8 and R=10 a.u., suggesting experiments in which compression or ex-
pansion can change the lattice distances and studies of the dependence on impurity concentra-
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tion.

The exchange potential is presented as a function of electron velocity and R. For com-

pleteness, the Ruderman-Kittel-Kasuya-Yosida—type spin-density waves are presented as a
function of the distance from the impurity for several values of R. Also, for R=0, an esti-
mate is made of the exchange polarization potential due to the adiabatic polarization of the im-
purity by the scattering electrons; it is found to be significant.

INTRODUCTION

A number of years ago, Sugawara! found a small
temperature-dependent excess Knight shift in dilute
Cu-Mn, Cu-Fe, and Cu-Cr alloys. According to
Yoshida, ? the polarization of the conduction-elec-
tron spin is localized in the vicinity of the solute
atom and the shift should not differ from that of
the solvent metal. Sugawara finds this conclusion
inconsistent with the experimental results and at-
tributes the extra shift to the uniform polarization
of s electrons due to s-d exchange. In this paper
we will attempt to establish the range of the polari-
zation as a function of host-atom-impurity-atom
distance in an effort to explain Sugawara’s findings.
No satisfactory explanation of the extra shift has
yet been proposed, although HWJG, 3 using a theory
based on the Kondo-Applebaum many-body sin-
let ground state of the magnetic-impurity prob-
lem, derived a contribution with a 1/#% dependence
(where # is the distance from the impurity) to the
spin polarization near the impurity (d1_1_e to the s-d
exch_a_mge interaction? of the form J§- S, where s
and S are the conduction-electron and impurity-atom
spins, respectively, and J is a constant propor-
tional to the magnitude of the exchange potential).
The ordinary Ruderman-Kittel-Kasuya-Yosida®
(RKKY) spin-density oscillations fall off as 1/#°.
Since the HWJG polarization has a fixed sign (in
fact, it is negative definite and predicts an excess
Knight shift in agreement with experiment) and
will shift the center of mass of the NMR line, it is
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interpreted as an extra-long-range spin polariza-
tion in the vicinity of the impurity atom, which is
a measure of the extra Knight shift at the host
nucleus. In this paper we interpret the additional
shift as a zero-applied magnetic-field Fermi con-
tact coupling of the conduction-electron spins with
the spin of a particular Cu nucleus, whose strength
is a function of the exchange potential of the im-
purity conduction-electron scattering system. The
impurity atom has an open shell with unpaired
spins. Thus, if we take a given impurity to be in
a particular free-atom ground state | LSM; = LM
=S), then the spin-up electrons will exchange with
the atomic d electrons while the spin-down electrons
will not exchange with the atomic d electrons. This
is analogous to the virtual process (“core polariza-
tion” discussed by Watson and Freeman®) which
gives the major contribution to the Fermi contact
hyperfine structure in atoms with open p or d
shells due to the exchange of a closed-shell s elec-
tron with an open-shell electron, its scattering in-
to an s excited state, then the contact interaction
and the scattering back into the original state.™®
Therefore, many conduction electrons with
randomly oriented spins will experience a net non-
zero Fermi interaction with a Cu nucleus in the
vicinity of an open-shell impurity atom, in the
absence of an applied magnetic field. The strength
of this interaction will depend on the magnitude of
the exchange potential and thus on the distance be-
tween the Cu and impurity atoms. The interaction
energy can be of either sign and thus does not have
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to be in excess of the no-impurity shift. The con-
nection with the HWJG and other theories now be-
comes more apparent. The above describes the
microsystem of a single Cu-impurity pair. Since
the other impurities of the system can be distrib-
uted among 2S +1 degenerate states, the Fermi
interactions over the entire system will still sum
to zero unless there is an applied field or short-
ranged magnetic order among the impurity atoms
(known to exist for Mn).® This paper will be con-
cerned with a given pair for which the impurity has
a particular spin projection Mg (Mg =S is the case
chosen), and thus with the zero-field shift localized
in the region of this pair. It is clear what happens
when the field is turned on. At zero temperature
all of the Mn atoms occupy the lowest of the 2S+1
Zeeman-split states, and the local shifts due to the
Fermi contact interaction of N electrons with a
particular Mn-Cu pair are of the same sign and add
when summed over the entire system. As the tem-
perature increases the levels become equally popu-
lated, and the local shifts sum to zero over the
entire system. This is in agreement with the ob-
servations of Sugawara, in which the excess Knight

shift (with one exception showing a more complicated

behavior near zero temperature) decreases mono-
tonically from a maximum in the zero-temperature
limit and appears to converge with the no-impurity
line at about 100 °K.

THEORY

The first-order energy due to the Fermi contact
interaction at the Cu nucleus is given by

AE=230 (Ugo(F) | 2pe iy @rs (F)5- 1|5, (F)), (1)

where k represents the set of quantum numbers
klm [only I=m =0 contribute to this integral by the
operation of the 6 function 6(»)], and o is an index
over the spin states of N conduction electrons, each
of which has a wave function (dropping the spin
indices),

w(F)=L32 a4 @1+ 1)e™ W, ()P, 7k, (2)

where the radial waves are normalized by the con-
dition that they vanish at the boundary of a box of
dimension L. Hence, in Eq. (1) we may put

L3
21 =753 f K dk dS . 3
3 (2,”)3 ( )
0, is the phase shift, defined as usual by the con-
dition

limu,, ;(v) = sin(kr — 51l +8,)/ky (4)

P - . .
and g are defined such that afa, is the Fermi distri-
bution function which at zero temperature (assumed
throughout) is 1 for electrons whose energies are
below €  and 0 for electrons whose energies are
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above, where €, is the Fermi energy, taken to be
7eV for the free-electron model of Cu.® § and I
are the electron and nuclear spin angular momenta,
respectively, p, and py are ei/2m,c and 2.22617
eli/2m,c, respectively, and

6(?)=;1—7; ,IZ %(21) (21+1)P,(cos0). (5)

The particle wave function is given in the first-
Born iteration by .

h(P)=e®t = [ a¥ G(F, T)V(F)eTT | (6a)
-, 1 eikli‘-i"l
G(r,r ):E T (6b)

The potential is defined by

V(azz{_r_z.l_ —E&+N14£2-1)Jd;/[¢f(iﬂ)

Mn Ycu j=1

o (L) P)

Ir-r’]
- ¥F (1—:’) 6(m 5, m§) Py lpj(;,) (Ej “%kz)]} , (M

where m, and m/ are the spin projections of the
scattering and atomic electrons, respectively;
Z,(N,) and Z,(N,) are the charges (numbers of
electrons) of Mn and Cu, respectively; ¢, are the
orbital energies of the bound states ¥; (i") on Cu
and Mn; and P;; permutes the coordinates of the
bound and scattering electrons. The key point of
the potential is the fact that when the summation
over spin states is performed in (1) there is cancel-
lation of the products of the Fermi interaction and
the Coulomb (direct) interaction and cancellation of
the products of the Fermi interaction and the ex-
change interaction for all interactions except those
products which involve exchange with the Mn d
electvons.

Equations of motion for N independent spin orbit-
als in this potential are derivable from the unre-
stricted Hartree-Fock theory, in which orbitals of
different spin are permitted to have different spatial
parts. !

Rigorously we should consider the scattering as
modified by the residual 1/7¢, (Coulomb tail) po-
tential left when the 4s electron is removed and the
band structure (resulting from use of Block waves)
which the less completely screened potential can
support at close distances. The first consideration
is not relevant in the first-Born method of solution |
used here (iteration with undistorted plane waves),
and the neglect of band effects is at least qualitative-
ly correct for the localized exchange process con-
sidered here. Further, there is an additional po-
tential, ® Vi, £ V, o1, exens» Which results from the
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long-ranged polarization of the target by the
scattering electron and is known to affect the phase
shift by about 10% in the low-energy elastic scat-
tering from hydrogen atoms. We have estimated
the contribution of Vi, o for the fictitious case
(R =0) when the Cu and Mn atoms are united and
found the exchange potential changed by about 10%.
A careful study of this potential at nonzero R is
therefore indicated (see Appendix).

We specialize Eqs. (6) to - 0 [the only contribu-
tion to the 6-function interaction in (1)], leaving
only the leading term in the expansion of G:

FIG. 1. p()/a, where
a =$[(1/4mp,uyl as a func-
tion of 7, the distance from
Mn, averaged over the an-
gles of Mn, for several
values of R. Calculated
using J values converged
through j=2.

¥ is obtained by keeping only the s-d exchange
terms in (7); all others cancel when (1) is evaluated.
We then define

J(k, R) 1

- o
A 4ﬂfdr

as the strength of the spin polarization by the Mn
d electrons, where we have kept only the zeroth-
order term in the plane-wave expansion of et
Thus, to first order inJ, Eq. (1) yields

O Y alkr)  (0)

o ey RO L B L g AE 2 [ ek
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RKKY SPIN DENSITY

The spin-density function is defined here as
pY¥ —pt, where

(11a)

et |2
Uy (I't)f:{eiif _ (eikr/4rr1f)fd;'e'&'f

X [VE) +2(27) nony 26 (F )mgm, Jog(F)} 4)

(11b)
In gen-~

oY =

for large distances from the Cu nucleus.
eral we can write

U = e - [ aF GE, )

X [VE) +2(27) o 1y 26 G mgmy] e FH 4)
(12)

Now substitute (12) into the right-hand side of (11b)
and keep only cross products of the Fermi and V
interactions. When the modulus squared is taken,
the difference of spin-down and spin-up densities
summed over K and integrations over spin states
performed, the result to first order in J is

4 ke sin2ky
U(V)=W “e“Nmsml_/o‘ F-—yz— J(k, R) dk ,
(13a)
r=(rZ, + R®= 27y, Rcosfy, )72, (13b)

We average this expression over the angles of Mn
in the usual way and define the perturbation to the
electron density resulting from the two-center scat-
tering process as a function of the distance from
the impurity atom as

by =(1/4m) [ dede sing o(r). (14)

This function is plotted in Figs. 1-3 for several
values of R.

FIG. 3. p(r)/a, where o
=—§-{(1/47r)ueuN] as a function
of 7, the distance from Mn,
averaged over the angles of
Mn, for several values of R.
Calculated using J values
converged through j=2,

NUMERICAL PROCEDURES

The exchange integrals defined by J(%, R) are the
two-electron two-center type, and the integrations
are performed numerically in prolate spheroidal
coordinates defined by

£=(ryn+7cy)/R, (15a)

(15b)

where R is along the polar axis of the reference
frame. The inverse distance IT—7'| is given in
spheroidal coordinates by the Neumann expansion!®

n= ('rMn = rCu)/Ry

%ZZ(_ D™(25+ V(5= |m|11/[j+|m| ] 1)2P™
jm

X(£JQ™ (EJPJ™ () Pi™ (my)e*™ *1-22’ (16)

where P and @ are the associated Legendre func-
tions of the first and second kind, respectively.
The results were checked by taking R=0.01 in the
spheroidal coordinates and checking against the
R =0 integrals in spherical polar coordinates.
that in the R=0 limit only the j=2 term of the
Neumann series is nonvanishing in the integral
defined by (9) owing to the angular integrations
over the s and d pair. For R#0, however, the

Note

TABLE I. —J(k,R)/2 for selected R (a.u.) and % (a.u.).
k 0.179555 0.359110 0.538666 0.718221

R .
0 0.138979 0.234850 0.271143 0.257822
1 0.123 648 0.201331 0.233198 0.206854
2 0.083 067 0.115420 0.099597 0.080544
3 0.053 684 0.056676 0.028384 0.017862
4 0.034 861 0.015703 0.007 004 -0.003130
6 0.013852 -0.009138 0.000178 0.000995
8 0.002826 -0.003457 0.003119 -0.002141
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expansion must be carried to convergence, and
the contribution for each term through j=8 is tab-
ulated in Table II. The overlap terms in Eq. (7)
were estimated to contribute about 1% at R=1 to
the energy shift and were neglected (note that only
the m =0 d electron has an overlap with the s
waves).

Inspection of Table II shows that for R greater
than about 4, the convergence is very slow. The
numbers for the higher R’s are not fully converged,
but are adequate to establish that the oscillatory
variation of the shift with R is not an artifact of a
nonconverged series. Also, it is felt that this con-
vergence is adequate given the set of physical ap-
proximations used in this calculation,

All integrals were evaluated using the analytic
Hartree- Fock d orbitals of Mn calculated by Cle-
menti,

RESULTS AND DISCUSSION

Values of J(k, R) and AE are tabulated in Tables
Iand II. Two interesting features of these results
are the long range with R of the exchange potential
and the oscillatory dependence of the energy shift
on R. The long range is familiar in the evaluation
of atomic hyperfine structure by perturbation theo-
ry®” in which better than 90% of the contribution
to the core polarization exchange interaction (see
the Introduction) comes from the continuum-ex-
cited states of the atom. This due, of course, to
the boundary conditions of the continuum functions;
thus, the convergence of the integrals is governed
by how tightly the d electrons are bound. The os-
cillatory behavior of AE can be inferred from the
oscillatory dependence of J(%, R) on % for larger
R by inspection of Table I, and is to be expected
when the interactions is small at large R, leaving
a kind of distorted overlap of d orbitals with con-
tinuum orbitals. This means that there will be a
complicated dependence of the shift on impurity
concentration and suggests dependence on concen-
tration experiments and/or experiments in which
compression or expansion of the metal can change
the lattice distances. Note that the interaction is
almost at a node for the nearest-neighbor distance
R=4,8299 and is larger and of opposite sign at the
next-nearest-neighbor distance R =6, 8305.

In the interpretation of the results for larger R
it is important to appreciate the smallness of the
interaction and thus the tentativeness of the num-
bers of this calculation, not only from the point of
view of the absolute numerical accuracy, but es-
pecially in that better approximations to the physics
need to be considered. Some of these include the
exact numerical solution of the relevant equations
to obtain scattering wave functions more accurate
than the first-Born iteration used here, as well as
the consideration of band effects, the adiabatic

ELECTRON GAS.

j is the index in the expansion of 7} .

—AE/pguy for selected R (a.u.).

TABLE II.

Sum
0.131451
0.061 247
0.020510

0.0000028
0.000003 6
-0.000054 3

0.0000185
0.0000793
-0.000234

0.000653
0.000922
-0.000646

0.043 161 0.066 580 0.011 081
0.012339

0.030241

0. 009955
0.013 052
0.008619

0.005532

0.001418 0.000760

-0.000549

0.010647

0.001441

0.003198
-0.000082

-0.0000857

~-0.000822 -0.000318

-0.001 280

0. 004 264

0.001 848 -0.000725 -0.000716 -0. 000356 -0.000141 -0.000024 0.000012 0.000011 0.000008
0.000 044

4.8299

0.000614

-0.000545 -0.000191 0.000372 0.000442 0.000311 0.000161 0.000076

0.000156

0.000676
-0.000474

-0.000001
-0..000 067

0.000 005

0.000021
-0.000137

0.000050
-0.000166

0.000202 0.000 235 0.000152 0.000090
-0.000154

0. 000050

-0.000068
0.000018

-0. 000098

~0.000 083

0.000009

10
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polarization of the target (see Appendix), electron
correlation, electron screening in the gas, and
the deviation of the d orbitals from those of the
free atom. Also, in Cu-Mn it is important to con-
sider the short-ranged magnetic order (clustering)
of the solute atoms.
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APPENDIX: ADIABATIC EXCHANGE POLARIZATION
POTENTIAL

The contribution of the adiabatic exchange polari-
zation potential is estimated as follows. When the
Mn target is polarized by a static electron at T,
the solution to the first-order equation from Ray-
leigh-Schrédinger perturbation theory (for a per-
turbation on the m =0 orbital in particular, where
nondegenerate perturbation theory can be used be-
cause the d orbitals are not split by the dipole po-
tential of polarized orbital theory!®) is

o=~ ()] )
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x(’%@) PI_:%_I'_Z) Py(cost)e(r<r,), (A1)

where ¢ is a step function 1 for » <7, and 0 for
¥>7, where the radial part of the 3d orbital (un-
normalized) is taken to be 7%*¢~" (based on a bind-
ing energy of about 0.6 a.u. as calculated by Cle-
menti). We do not take Clementi’s Hartree- Fock
function for the unperturbed orbital because then
we could not find an analytic solution to the first-
order equation. The first-order radial solution is

u(r)=e"<1’2 +,,_3+1,_4+1,_5+11,,6 + 1177
! 27 57 15" 14x15 " 4x14X15

2278 1545-°
T OX4x14x15 T 35x9x4x14%15

30810 n>
F1Ix35%x9x4x14x15 T )

(A2)

where a;;~10™, The exchange potential is gen-
erated by substituting 1 for one ¥, in Eq. (7) of the
text, J(k, R=0) is about 10% of J(k, R=0) calculated
with unpolarized orbitals. It is clear that this ef-
fect should be looked at more quantitatively.
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