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We derive the anisotropic pair interaction for binary spin-glass systems for the case where the ter-
nary site which scatters electrons by means of the spin-orbit interaction is a magnetic site character-
ized by spin-split virtual bound states. We find that there are two distinctly different types of aniso-
tropic Dzyaloshinsky-Moriya couplings. One depends only upon the magnitude of the third mag-
netic moment and has the vector coupling form familiar from ternary spin glasses:
(ﬁixﬁj)'(SiXSj). The second type depends upon both the magnitude and direction of the third

moment and has the coupling structure (R, Xﬁ, )-8k (8; X S; )-8x. We define spin-dependent critical
distances R,‘JC in terms of which the coefficients of the two anisotropic interactions, acting relatively
independently, take on preasymptotic or asymptotic forms according to whether the average inter-
particle spacings are less than or greater than the Rci. These critical distances are themselves vari-
able, depending upon the separation of the virtual bound-state resonances from the Fermi surface.
When the resonances are sufficiently close to Ef, there will be large regions where the interactions
exhibit preasymptotic behavior (1/R?). If the resonances are sufficiently far from Ep, the interac-
tions quickly reach their asymptotic forms. In the practical cases of CuMn and AuFe, we find that
the critical distances are of the order of a nearest-neighbor distance so that the interactions fall off
as 1/R*. This feature has great consequence in calculations of the macroscopic anisotropy energy.

1 JANUARY 1986

I. INTRODUCTION

Experimental data showing the influence of added im-
purities with spin-orbit coupling on the behavior of spin
glasses led two of us to propose a model of anisotropy
based on the Dzyaloshinsky-Moriya mechanism."? In
this model, the s-d mixing interaction V,; at a nonmag-
netic impurity site enhances the / =2 component of the
conduction-electron wave function about the site and
gives rise to a virtual bound state (VBS).> This mixing en-
ables the conduction electron to feel more strongly the
intra-atomic spin-orbit force within the impurity. The
electron in a VBS is described by Friedel wave functions.>
An effective coupling between localized moments, mediat-
ed by the conduction electrons, is obtained by calculating
to third order the change in energy of the electron gas due
to spin scatterings at the magnetic sites and spin-orbit
scattering at the nonmagnetic impurity site,! and is of the
Dzyaloshinsky-Moriya (DM) form. Of considerable in-
terest is the effect on the DM interaction of a magnetic
moment on the ternary site. In particular, one would like
to understand the origin of anisotropy in binary spin
glasses for which all three sites are identical. In AuFe,
for example, one may conceptualize a “AuFe,Fe,” system
in the sense that iron ions are acting as their own ternary
impurities, modifying the wave function by s-d mixing
and providing both spin-orbit and spin-spin scattering.

One must at the outset distinguish two possibilities.
For transition-metal spin-glass alloys such as CuMn and
AuFe there are spin-split magnetic VBS’s,* so that we
have to consider the effects of spin-orbit scattering on
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spin-split states. The second case is that of alloys in
which the magnetic ions interact with the conduction
electrons through nonmagnetic VBS’s; e.g., in noble-metal
rare-earth alloys. Then we consider the spin-spin and
spin-orbit scatterings on an equal footing.

In this paper we confine ourselves to the transition-
metal alloys: the case of the magnetic VBS. The follow-
ing paper’ (hereafter denoted as II) will consider the rare-
earth case. We use the Hartree-Fock approximation so
that the effect of the third moment is built into the
zeroth-order Hamiltonian H,. The conduction electrons
are described by spin-polarized Friedel wave functions de-
fined with spin-dependent phase shifts. We find that in
the binary spin-glass alloys there are two different
Dzyaloshinsky-Moriya couplings, one depending only
upon the magnitude of the third moment and the other
depending upon both its magnitude and direction. Specif-
ically, the interaction has the form

E~aR xRp)(S,xSp)
+B(R xRp)81(S,xSp) 87, (1)

where S is the spin of the third moment. As we will
show, in the limit as the magnetic moment on the third
site vanishes, the coefficient B goes to zero while the term
in a reproduces the ‘“‘nonmagnetic” result given earlier
when the VBS resonance is near Er. At the opposite ex-
treme, in the limit when the separation of the spin-split
VBS’s is very large, the term in a vanishes and the entire
coupling is given by the second term in Eq. (1). The ab-
sence of terms of the form (ﬁ,, Xﬁg)i(SA X Sp)z in this
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limit merely reflects the fact that there can be no spin-flip
contributions; i.e., terms arising from /.s;, between
well-separated states.

Our calculation has been performed using a spin-
polarized Friedel wave function ¥(n°). For ¥(7°) to be
an eigenfunction of H, the direction along which o takes
on the values + must be that of Sy since we view the elec-
tron gas as being polarized by the moment itself. Thus,
rotational invariance has been lost so that one may ask if
the term in (ﬁ,, XﬁB)'gT(SA XSB)-§T is an artifact of
the Hartree-Fock approximation. In Appendix A, we
show by general symmetry arguments that the effective
Hamiltonian describing the perturbation about the spin-
orbit scattering site is given by

H. (M) =al-s+b(1-S7)(s87)+cl-Sy . )

This perturbation operates in the space spanned by the un-
coupled basis | km;o). When Eq. (2) is combined with
spin scatterings at site 4 and B, we show that the resul-
tant third-order perturbation energy of the electron gas is
given by Eq. (1). Note that the term I-§T in Eq. (2) makes
no contribution ~(R 4 Xﬁg -§T) to the energy in Eq. (1):
From time-reversal invariance, there can be no contribu-
tion from an odd number of impurity spins.

In passing, we note that both types of DM terms in Eq.
(1) yield the same form of macroscopic anisotropy for rig-
id rotations. For such rotations of the spin system with
respect to the lattice, the vector (S, XSB)'§T is a con-
stant, and the vector (R 4 Xﬁg )-§T yields the same result
under rotation as does (ﬁA Xﬁg)‘(SA X Sp). Thus, both
terms in Eq. (1) contribute to the unidirectional anisotropy
of binary spin glasses when the rotations of the spin sys-
tem can be considered as rigid.

In Sec. II we calculate the form of the anisotropic pair
interaction that comes from scattering by magnetic spin-
orbit coupled impurities. In Sec. III, we discuss the coef-
ficients of the interaction and, in particular, demonstrate
the variable range dependence of the coupling. Section IV
is devoted to a discussion of the binary spin glasses CuMn
and AuFe. We point out that numerical results depend
upon four parameters for each material: the number of d
electrons at the impurity site, the magnetic moment, and
either the width or position of the resonance for each spin
state. None of these parameters are known with sufficient
precision for us to give more than somewhat general re-
sults for these alloys. We will show the effects of varia-
tions in these quantities and our conclusions will be
presented in Sec. V.

II. CALCULATION OF THE INTERACTION

We now proceed with a sketch of the calculation of the Dzyaloshinsky-Moriya interaction in the Hartree-Fock approx-
imation for the binary transition-metal spin glass. The scattering of the conduction electrons by the ternary site is

described by the VBS wave functions,’

Yo%) = |eX T4 Fsin[57(k)]

and

Yo%) = ™7 —4me " Ksin[n7(k)Jh ST (k)3 Y (K) Yy (R)

Vi ~
A": S Y3, (K)om(n)

X, (3a)

X (3b)

for the regions near to and far from the ternary site, respectively. In these equations, @,,,(r) is a core d orbital, A is the
half width of the associated VBS, 44" is an outgoing spherical Hankel function, X, is the electron’s spin state, and 7°(k)
is the phase shift imparted to the electron by the mixing at the impurity site:

AU

n°(k)=ni(k)=tan™! | ————
E‘r’es_Ek

»

where EZ is the center of the resonance.

(4)

Our starting point is the expression for the third-order energy correction for an electron gas due to perturbations as de-

rived in Ref. 1,

3
kp o© o
E¥= fo dkokgfo dk, k? fo dk, k3 |P

1
87>

— - 8(Ex, — Ex, )8(Ex,—Ex,)

where

1

Ey,—Ex,

1

Viko,ki,kz) , (5)

Vikokiky)= 3 fdﬂkofdﬂkl fdﬂkz Voo k10, Viori00, Vigoa oy >

9091592
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and the potential is given by
Vgr= ——TV_F_[SA -s8(r—R,4)+Sp's8(r—Rp)]+A(r)l-s . 6)

At sites 4 and B we have written the local moment-conduction electron spin interactions as if they were due to a term
such as I'S-s even though they should, in principle, be described by magnetic VBS’s as we do at the ternary site. There is
a seeming inconsistency in this but we are concerned primarily with the lowest-order correction of spin-orbit coupling to
the energy. Thus, one takes it into account at only one site at which we must consider the effect of spin-orbit scattering
from spin-split VBS’s. At the other sites 4 and B we consider only spin scattering and for ease of calculation, model it
as I'S's. A proper description of the magnetic scattering at sites 4 and B requires consideration of the energy depen-
dence of . This has already been done for the two-site problem® but we cannot introduce this feature into three-site cal-
culations at this time as it makes the phase-shift analysis very difficult.

Since the spin scattering at site 7 has been built into H,, the energy denominators in Eq. (5) are, in principle, spin-
dependent. However, as we are interested in dilute alloys with small concentrations of magnetic impurities, the spin
dependence of the energy of the conduction electrons can be ignored.

When Eq. (6) is substituted into Eq. (5), one obtains 27 terms of which six are trilinear in the three particles. One par-
ticular term is

A,
Mip=—5~ 3 My, » (7a)
00,0,
where
MG, 5 =(kooo|S4-s8(r—R ) | ko) (ko |I's | ky02) (ko | Sp-s8(r—Rp) | keoo)

and the spin-orbit constant A, is defined by
?»d=f0°° drr?| fra(n|?, (7b)

where f34(r) is the radial part of the 3d core wave function. The subscripts 4AB refer to the order of individual scatter-
ings. The remaining five matrix elements M‘?, 2 < I <6, are obtained by permuting the operators in Eq. (7).

The individual factors of Eq. (7) have been given earlier without the o indices.! Their product is quite long and will
not be given. As we are interested only in the leading terms of the coupling, we can extract these from the general ex-
pression. After performing on these terms the angular integrations and summation over the initial spin variable oy, we
obtain

% %2
VakVigd sin(koR 43) o0,

—i T
i d 1
4 TR kyRy Ao, » (8)

o _ 3
azofdﬂkofdﬂkx fdﬂk2M00,102—~ 4 N2 4 ATIA% koR 45

where
T8 wr-=Ja(kR)j(k'R"exp{ —i[n°(k) —n (k")]} +j2(kR)RS™ (k'R )exp[ —in°(k)Isin[n? (k")]
+h5(kR)jy (k'R ")sin[n°(k)Jexp[in® (k") ]+h 5+ (KR)AS™ (k'R ")sin[7°(k)]sin[n° (k")) )
and

N [YAR )X YXRp)15(Ss, Sp_— 384,88, —[YHRIXYARp)IL (Sy,Sp,—S4,Sp,)
AV=_iv10 ~ ~ ~ ~ . 1o
—[YXR )X YXRp)]}(S4,Ss_—S4_Sp,) [YZ(RA)XYZ(RB)](I)(—SA_SB++%SAOSBO)

f

We are using spherical tensor notation [YX6,4)x Y*(6',4")]
So=S., Si=T—=(S,%iS,), (11 =28 X (2m,2m’ [ 1m")Y2,(6,8) Yo (6',8") ,
- V2 m" m,m’

and the vector product of the Y? tensor is defined as (12)
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w‘here €, is a generalized unit vector with the property
€, €y =8, and the symbol (Im,I'm'|I"'m") is a
Clebsch-Gordan coefficient.

The matrix 4 ‘" has the property that

2 A(all)az=‘/1—0[Y2(ﬁA)X Yz(ﬁa)]‘-(SAxSB) (13)

0,0,
which follows from?®
SyXSp=—iV23 8 3 (Im,1m’' | 1m" XS 1) (Sp)pm:
m" m,m’
= "i[(SA*_SBO_SAOSB*_)/él
+(SA+SB_ —SA_SB+)€0
+(S4,Sp_—S4_SpJE_1], (14)

and
[YAR )X YAR)])“(S,XSp)
=S (—)"[YAR )X YARp)]1L (S, XSp)_rm . (15

Since

VIO YAR )X YR ;)] = iﬂ—SPI(ﬁA R R, xR,

(16)

it follows that

2 Aa,a

01,0,

~(RxRp)(S,XSp) . 17)

Thus, when the space and spin variables are decoupled,
i.e., if the ternary impurity is nonmagnetic so that the
function I' in Eq. (8) is independent of o,0, there is only
one anisotropic coupling of the form of Eq. (17).

For dilute spin glasses the average distance between
magnetic ions is large; furthermore, the dominant contri-
butions to the interaction come from wave vectors around
the Fermi level. Thus, kR is large and the function
I"kR xR’ may be replaced by its asymptotic form

sin[kR +7°(k)] sin[k'R’'+7°(k")]

e pi~
kR,kR kR klR;

(18)

By substituting this expression mto Eq. (8) and after mul-
tiplying by the factor (kok k,)? of Eq. (5) we obtain for
the contribution of the matrix element M5 to the quan-
tity (kok,k2)?V (ko,k1,k,) of Eq. (5):

(kok k2 V' V(ko,ky,ky)=3 a,laz(k)sin(koRAB)sin[na‘(kl)]sin[k,RA +77 (k)]

0],02
x sin[n°*(k,)]sin[k,Rp -+-7702(k2)]Aﬁ,1]),,2 , (19)
where
ag g
(k) —1 szd ( 3 delFVk;d kOklkZ
Qgyo,\ )= 4 N2 A%'A%2 R, RpRp '
By a permutation of the operators, we obtain the contribution of the matrix element
szd
Mia=—5" 2 Mopg, (20)
(70 01,0'2
with
Mg .0, =(kooo|Sp-s8(r—Ryp) | kio1) (ko | I8 | ky02 ) (ky0; | S48 8(r—R 4) | Koo)
to the coupling in Eq. (5):
(kok1ky?VPko,ky,ky)= 3, aalal(k)sin(koR,,B)sin[nol(k)]sin[klRB+17°‘(k1)]
01,0,
: 72 : 92 (2)
Xsin[n “(k;)]sin[k,R 4+7 (k3)]Ag0, (21)
where
AN 4
F@_ | 77 .
A= 4D 40, | (22)
so that

S Age,= 3 Agp, -

01,0,y 71,0,
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The remaining four contributions come from the matrix elements MG, M, M., and MEz. When the
principal-value integrals are performed, we obtain for the total of all six contributions

o o’
=i The |2m 13 ML BT (23)
Eis 1287 N? | # | R4RsRyp (S5 AN o7
where we have set all pairs of dummy spin variables equal to (g,0’). The integrals I, are given by
(1) kg . . o . o
I = fo dk k sin(kR 43 )sin[7°(k)]sin[5° (k)]
X {cos[kR 4 +n°(k)]cos[kR g +n° (k)] — +sin[kR 4 +7°(k)]sin[kRg +717 (k)]} , (24a)
Igy=Igy , (24b)
kF ,
9. = fo dk kcos(kR 43 )sin[n°(k)]sin[7% (k)]
X {cos[kR 4, +n°(k)]sin[kRg +7° (k)] — + sin[kR 4 +7°(k)]sin[kRp +7° (K)1} , (24¢)
kF .
IY = fo dk k cos(kR 45)sin[7°(k)]sin[7° (k')]
X {cos[kRg +n°(k)]sin[kR 4 +7° (k)] — 5 sin[kR 4 +7°(k)Isin[kRp +71° (K)1} , (24d)
15y =13, , (24e)
and
18.=18) (24f)
and for the matrices 4 ‘*, we have
A(l} A(3)_A(5) andA(Z)._.A(4 _A(G) (25)
In Eq. (24), we have set the initial wave vector kg equal to k. Now Eq. (23) may be written as
Vé Ve a
EGhvn I~ 3 3~ A, 6)
n=1 0,0 A7A
where
Joo= 3 Ioy
(I'odd)
and
Joo= 3 Ioy=Jgy .
(I even)
By adding the integrands of the I'”, we find
k
9= [ " dk k sin[7°(k)]sin[5° (k) Jsin[k (R4 +Rp +R 1) +7°k) +7° (k)] . 27
This is symmetric in (o,0’) so that
Joo =J o0 =Jgp - (28)
Then Eq. (26) becomes
Vi Via
E3) F_*F
ABA['/)(TIO)]"’UEUIW oo’ oo’ » (29)
where
AP 440 24"}
A=AV 4+ 4P= o ) : (30)
241, AP 440

and from Egs. (10), (14), and (16), we find
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- 1s (RyxRplo(S4xSple  —2R,XRp)_(8,XSp),
A=—i'_P1(ﬁA’ﬁB)X A a a a (31)
47 —2(RA XRB)+(SA XSp)_ (R, XRB)()(SA XSz
From Egs. (23) and (31), and by defining
# Vi Vi
Kao'=5;;—A,,T oo’
ngFVgI;d Ep . . g . ’
=_',_f dE; sin[n3(k)]sin[73 (k)]sin[k(R +Rg +R ) +n5(k)+n3 (k)] , (32)
A°A° 0
we obtain
(3) oy 135 kdl“z Pl(ﬁA'ﬁB) A 5 V.32,
Eim[¥(n)]=— 50— E! R,RsR.p (R4 xRp)'K:(S,XSp), (33)
where the dyadic Kis given by
K=K+_T+[%(K++ +K———)_K+—]§T§T . (34)

We have used the relationship Ep=h?k}/2m, k =3m#",, where .+, is the density of states for one spin direction, and
the fact that for noble metals there is one electron per atom so that .#7, =N. Since the quantization axis was that of §T
itself, we have set ’e‘o=§T; also K, _isequalto K_ .

Equations (33) and (34) together with Eq. (32) represent the Dzyaloshinsky-Moriya coupling between two magnetic
moments in the presence of the third magnetic impurity. The effect of the spin scattering at the ternary site is fully con-
tained in the phase shifts 75(k). We will discuss these equations in Sec. III. For the moment, we point out two obvious
limits. When the ternary impurity is nonmagnetic, we have 7 =%~ =7. All the coefficients K, collapse into a single
function. The second term of Eq. (34) vanishes and the interaction goes as R 4 Xﬁp)'(s 4 XSg) as is well known.! At
the opposite extreme, if the spin scattering is sufficiently strong so that the spin-split VBS’s are well separated, 7 (k)
goes to 7 as E; increases from zero to Er before 7~ (k) differs significantly from zero. The product
sin[n*(k)]sin[n (k)] of the integrand of K _ vanishes throughout the range of integration. Then K, _ vanishes so
that the interaction is dominated by the term in (R a4 X ﬁB )-§T (S4XSp )-§T.

III. RANGE DEPENDENCE OF THE COUPLING

To complete the calculation, it is necessary to evaluate the integrals K., Eq. (32). With the use of

o_
2m

a®=[(kZ)* + (k)14 kg

A (k$)2, Eres=%(k’ 2,

(35)
ka
tang® = —tan[75(0)] = — -I:ﬁ— ,
Be=ae*""?,
and
ke o ikR
G,(R)= dk ,
7 fo k2— (k7 +i (k) G0
we show in Appendix B that®
|V 12 ) = R
K,,a=T{sm[ng(kp)]sm[3k,.~R,,v+77‘2’(k,~)]—sm [75(0)]+3R,,(k§)*ReG,(3R,,)} (37)
and
dG,(R)
Ko—o=ViVipa{ 3[(Era—EL)l+(A™—A* P} Re (B —E)+i(A™ =AM |A [ —2— || ]

(38)
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where
3RavERA +RB +RAB
and

dG,
dR

_dG, dG_
= dR ~ dR

The integral G,(3R,,) is given by'®

G,(3R,,)=(2kpp°)~"{exp(—i3kpR 4B’ ) E1(—i3kpR,,(1+B°) —E (—i3kpR,,B°)]
—expli 3kpR 3B E\(—i 3kpR 4, (1—B°))—E (i 3kpR 4 891} (39)

where E(z) is the exponential integral defined by

o e_‘
E1(2)=fz dt—t——, |argz | <. (40)
The derivative of G,(3R,,) is given by
dG,(R) —i
= ik =-—2i{exp(—i3kpRavB°)[E1(—i3k,.-Rav(1+B"))—E1(—i3kpRavB°)]
+expli 3kpR B0 E (—i 3kpR 1 (1— B°))— E, (i 3kpR oo B°)]] 1)

First, we derive analytic expressions for the range
dependence in the two regimes of large and small average
interparticle spacings, “large” and “small” being defined
relative to spin-dependent critical distances R which, as
we show, are themselves dependent upon the positions of
the VBS resonances with respect to the position of the
Fermi level. We then discuss the Dzyloshinsky-Moriya
interaction itself. Our key point is that the interaction
displays a variable range dependence. If both resonances
are far from the Fermi level, the interaction can be
represented by its asymptotic form even for nearest-
neighbor triads. At the other extreme, if the resonances
are close to kp, the interaction will display its preasymp-
totic form even at large average interparticle spacings.

The behavior of the functions G,(3R,,) and
[dG;(R)/dR]R =3r,, is determined for large R,, primari-
ly by the term in E,(—i3kzR,,(1—p°)) for which the
argument is smallest for a given value of R,, of the four
functions E, in Egs. (39) and (40). Consider, therefore,
the term

exp(i3kgR,,B°)E(—i3kpR,,(1—-p7))

f
Then with z9=x7+iy, we obtain

x7=3kgR,,a%sin(¢°/2)
and (43a)
yo=—3kpR,,[1—a®cos(¢?/2)] .

Since the phase angle ¢? is always small, and since
kpa® ~kS, we may write

9=3k/R,,¢°/2
and (43b)
y?=—3(kp—k/)R,, .
One may define two critical distances,
RZ=(3|kp—kZ|) !, 44)

such that if the average interparticle spacing R,, is much
greater than the larger of RJ, it follows that both of
| z*| are sufficiently large that Eq. (42) as well as the
remaining terms E| in Egs. (39) and (41) may be replaced
by their asymptotic forms. Then from the expansion

Ee3ikFRavezﬂEl(za) s (42) e__z
E (z2)= l——+- ) (45)
where
2%=—i3kgR,,(1—B°) . we obtain’
|
ReG((3R,,)~[3(kZ)*R,, 17! | —sin[nJ(kg)]sin[3kgR 5, + 13 (kg)]+sin?[15(0)]
2kr i02r. 0 a 2
— P sin“[ 93 (kg)]cos[3kpR,, +2795(kg)]+O(1/Rg,) (46)
3(kA) Rav

and
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(R) (4 i[3kgR,, +75(ke)]
:_.._...___._.l 1 k av LT
dR R=3R,, 3(ko')2Rav Sln[’?z( p)]e

We immediately note from Egs. (37) and (46) that in this reglme the first two terms of K, are canceled by the first two
terms of ReG,(3R,,). Then K,, and K, _, fall off as R and the range dependence of the DM interaction, Egs. (33)
and (34), will have the general form [R,RzR 3(R,+Rp+R45)]!. Specifically, for large R,, we have

+0(1/R},) . (47)

~32r°Ep cos[3kpR,, +273(kF)]
and
327%Ef (A+A—)172
oc—0c=

3kZR,, (EX—E)+(At—A)

X (kiﬂsnn[nz(kp)]{(E —Ee)cos[3kp Ry +n7 (kp)]—(A* — A7 )sin[3kpRay +75 (kp)]}
A
s )ZSln[’le (kp)J{(E & — E g)cos[3kpR oy +n7 (kp)] — (AT — A7 )sin[3kpR,, +77 (kp)]} (48b)
A

To obtain thgse, we have used the relation
| Vik, |2 4 167°Ef
A° % (E, p) k3 7

Note that both K, . and K__ behave independently, each being a function of the position of its own resonance with
respect to that of the Fermi level. The coefficient K _ depends upon the relative positions of both resonances. One
may state that if both resonances are far from kg, then they are far from each other so that K, _ is much smaller than
either K++ orK__.

If R,, is much smaller than the lesser of RF, then | y?| and therefore | z°| will be small. One may then obtain the
coefficients K,,- with the aid of a small argument expansion of E(z), or by direct integration. One sees that K, is
given by®

167 ZEF
K,,,z*k——wm[n 9(kg)1sin[3kpR,, +15(kg)], (49a)
F

since the term proportional to G, in Eq. (37) is negligible, going as (3kzR,, (k% )2 /(kgk?).
The coefficient K, _, in this case does not have a simple form, but if one makes the additional assumption that the
two resonances are near kg, then an integration of Eq. (38) yields

— (1672 /kP)Ep(ATA—)12
(EX—E ) *+(At—A7)?)
sin[n5 (k)]
sin[1; (kp)]

o—0o=

X (EX—E) |1 sin(3kgR 4y )+ 5 (kp) —n3 (kp)]cos(3kpR,,)

sin[n3 (kp)]

+(At—A7) -
sin[7; (kF)]

—[n3 (kp)—n35 (kg)Isin(3kpR,,)+In os(3kpR,,) (49b)

Note that Eq. (49a) is valid for any position of the resonance k. Equations (49) demonstrates the fact that in the small
R,, regime, the DM interaction exhibits the range dependence (R 4RgR 45)! [see Eq. (33)].

The Dzyaloshinsky-Moriya interaction, Eqs (33) and (34), may be written in a simple form for two special cases. If
R,, is much greater than the larger of RS and if the two resonances are sufficiently far apart; i.e., if K +_ << both
K, and K__, we obtain from Eq. (48a),

EW o 1351r AqT? P (R, Rp)
E g [¢(n)]= )
32 Erki R4RpR, p(R,+Rp+R,p)

X2

s1n2[17 (kp)]cos[kp(R 4 +Rp+R 45)+275(kp) JR . xRp)S7 (S, xSp)-S1 . (50)
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The interaction is dominated by the anisotropic coupling term arising from both the magnitude and direction of the mag-
netic moment of the third impurity. To obtain Eq. (50) we have assumed that the density of states for both spin states o
is the same.

The different structures of Egs. (49a) and (49b) preclude a general form for the interaction when R,, is much less than
both R;" and R.”. However, if the two resonances approach each other, coalescing at a value k, not necessarily equal to
kr, the magnetic moment Sy vanishes so that all three coefficients K, become equal to that given by Eq. (37) but with
the o index deleted. Then, the “nonmagnetic” DM interaction is given by’

1357 M2 Pi(R,Ry)
32 EEk} R4RpR,p

Egg[¢(n)]= {sin[ny(kp)]sin[kp(R 4 +Rp+R 4p)+n2(kp)]

+(R4+Rp+R 5)kiReG (R +Rp+R 45)} (R4 xRp)(S4xSp), (51a)

which is seen to equal the result given earlier! only if the term in G (R) can be neglected; this is the case when k, is near
kr. However, if the (single) resonance is far from the Fermi level, one finds a substantial contribution to the interaction
arising from electrons scattering out of (into) the occupied (empty) states of the tail of the VBS. In these cases, the term
in G(R) dominates so that for R,, much greater than R, Eq. (44), the ternary DM interaction is given by

E®) 13570 A2 PR Rp)
E g [¢(n)]=+ TR TEE
Erkiks R4RpRp(R4+Rp+R )

Xsinz['ﬂz(kp)]COS[kp(RA +Rp +RAB)+2172(kp)](ﬁAXﬁB)'(SAXSB) . (51b)
T
We wish to emphasize several points. Although we where
have given expressions, both for the coefficients K, and ke
for the DM interaction itself, for average interparticle I’= f o Sin[3kR., +2n3(k)ldk ,
spacings R,, much less than or much greater than the .
two critical distances R, Eq. (44), it must be pointed out and to evaluate K, _, in the form
that in practical cases K, , and K_ _ are independent so 16m*Ep(ATA)1/2
that one of these may meet the conditions specified while K, o= (E* _E-)P+(At—_A-)
the other may not. Most importantly, the critical dis- res res
tances R are themselves variable, being dependent on the XEm—EX)AY—47)
magmtude of the displacement of the resonances from the
Fermi surface as well as on the widths of the resonances —(AT—AT)B*-B7)], (53)
themselves.!! Thus, in real systems, both R may be suf- where
ficiently small that the interaction is given by its asymp-
'totic form 1/R* even at the miniml}m value pf R,, which o_ 1 l f k cos[3kR ,, + 235 (k)]dk
is Ro(2+V2)/3 for the nearest-neighbor triad on an fcc (k)2
lattice, R, being the nearest-neighbor distance and equal .
to 2.55 A for CuMn and 2.88 A for AuFe. Alternatively, + kpsin(3kpRay) |~ cos(3kRqgy)—1
both R may be sufficiently large that the interaction is 3R, (3R,,)?
given by its preasymptotic form 1/R3 for any R,,. and

Clearly, one coefficient may behave as 1/R* while the

other may fall off as 1/R>. This feature has great conse- go— 1

k
— [ ke sin[3kRq, + 205 (k) ldk

quences for calculations of macroscopic anisotropy ener- (k)
gies. We now discuss our results for CuMn and AuFe. .
kpcos(3kpR,,) sin(3kgR,,)
IV. DZYALOSHINSKY-MORIYA INTERACTION 3R, (3R av)z

IN CuMn AND AuF.
uin ute The parameters A’ and E, which appear explicitly in

As a practical example, we consider the binary spin
glass CuMn. The simplest way to evaluate the coeffi-
cients K,,, Egs. (37) and (38), is to numerically integrate
Eq. (BS) for the diagonal terms:

161TZEF . - .
K,,= T (sin[n3(kp)]sin[3kpR ., +13(kp)]
F

+ 3 {cos[13(0)] —cos(3kpR )
—3R,1%}), (52)

these equations as well as implicitly in the expression for
n3(k), Eq. (4), are not known precisely. One relationship

between them is [Eq. (4)]

AU
El=Ep+——7——, (54)

" F tan[7n3(kg)]

where n95(kp) is determined by the Friedel sum rule
Nn3(kp)=(1/5)Z3 where Z] is the number of electrons in
spin state o, given by Z}+Z;=Z; and Zj
—Z4 =p/pp, the magnetic moment in units of a Bohr
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magneton.

Both EZ and A’ are taken as constants but in fact they
are functions of energy. As can be seen from cluster cal-
culations,* the approximation of the true shape of the res-
onance by a Lorentzian introduces an error since the tails
of the Lorentzian are much longer than those of the true
resonance. Since the interactions we describe arise from
electrons scattering in and out of the resonances at the
Fermi surface, it is easy to see that the further the reso-
nance is from the Fermi surface, the more important is
the density of d states in the tail. However, Jena and Gel-
dart'? have shown that one can still treat E% and A% as
constants provided the Friedel sum rules are obeyed.
Thus, our use of Eq. (54) is justified.

The number of d electrons at the manganese site is de-
batable. Consequently, we have modeled CuMn in two
different ways. In the first (symmetric) model, we have
the following:

CuMn I:
Zd+ +Zd— =35,

Zf—Z; =4.06,
(55a)
13 (kp)=2.8463 rad ,

15 (kg)=0.2953 rad .

Then reasonable choices consistent with these and the
value Er =7 eV are

A+t=0.20eV, E}, =6.3425¢V,
(55b)
A==0.40 eV, E;,=8.3150 ¢V .

In a second model, we have chosen the following set of
values:

CuMn II:
Zf+Zi =6,
Zf—-Z;=3.6,
03 (kp)=3.0159, 75 (kp)=0.7540, (56)

At =0.25eV, EX,=5.0215eV,
A~=0.70 eV, E_,=7.7454 ¢V .

The moment 3.6up is a representative value.

Figure (la) illustrates the behavior of a typical com-
ponent, K . for model I. It is easily seen that in the
nonphysical regime of R,, <R, that K, is given very
accurately by its preasymptotic form, Eq. (49a). In the
spin-glass regime, one sees that the preasymptotic form is
seriously in error and that the asymptotic form, Eq. (48a),
is a better estimate. In Fig. (1b), we show the envelopes of
the amplitudes of K, | and its pre- and asymptotic forms
in the range from R,, =0 to R,, ~4R,. From Eq. (43a)
we have

lzal =[(xa)2+(ya)2]l/2
=3kpR,,[14(a”)*—2a%cos(¢° /2)]'/? (57

and by defining the critical values RZ as before as the

CuMn : 1
\eﬂﬁh , e
t (a)
LZ:ﬁ K 1
|
0.8 ]
~ 0y ]
S 0,4:“ | . 5
2 O:‘! I
4 EY” \ / / A
.‘u"{j‘ -0.4¢ 1V +
< et [: 4
© oo ]
-0.81 1
12k 3
=16 Lot s R ]
0 2 3 4 5 6 7 8 9 10
R/Rg
! TSR
> 15h
SR
X Fi B
LN #’k F 4
= §L0>\ E
8 : \‘asym :
w \
s [\ 1
2osF 1
\
> F \ 4
Z preasym
w 0 =4
S~
0 1 2 3 a
R/Ro
FIG. 1. (a) Coefficient K., and its preasymptotic and

asymptotic forms for model I of CuMn, as functions of the
average interparticle spacing, in units of a nearest-neighbor dis-
tance Ro=a/V'2. The true K ++ is given by the dotted curve.
Its preasymptotic form displays constant amplitude, while its
asymptotic form diverges for small R /R,. (b) Envelopes of the
curves in (a).

values for which |z?| =1, we obtain the following for
the two models:'°

CuMn I
R} =4.64 A=1.82R,,

R =2.69 A=1.06R, ,
(58)
CuMn II:

R} =157 A=0.61R,,
R =3.56 A=1.40R, ,

where the nearest-neighbor distance Ry=2.55 A and the
average interparticle distance for a nearest-neighbor triad
is Rpin=1.14R,. Thus, in both models we would expect
the integrals K, , and K_ _ to begin to show asymptotic
behavior [Eq. (48a)] in the range from R, to 10R,, with
K _ _ reaching its asymptotic form earlier than K | in
model I, and vice versa in model II. These observations
are borne out by our results for these coefficients which
are displayed in Figs. 2 and 3 in the form of graphs of the
envelopes of the oscillations. These graphs also show the
effect of the placement of the resonance with respect to
the Fermi surface. In model I, EX; is closer to Ey than is
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CuMn: 1
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FIG. 2. Envelopes of the coefficients K, and K__ and of
their preasymptotic and asymptotic forms for model I of CuMn,
as functions of the average interparticle spacing.
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FIG. 3. Envelopes of the coefficients K, , and K__ and of
their preasymptotic and asymptotic forms for model II of
CuMn.
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0250 kg S~ 0YmKoo ]

FIG. 4. Envelopes of the interaction coefficients K, _ and
Kyp= %(K+ ++K__)—K,_ and of their asymptotic forms for
model I of CuMn, as functions of the average interparticle spac-
ing. The results for model II are nearly identical.

E . Thus preasymptotic corrections are more important
to K, than to K__, and the deviation of K , , from its
asymptotic form exceeds that of K_ _. The situation is
reversed in model II. However, in both models, the sum
of K, , and K__ is roughly constant so that the interac-
tion coefficients K,_ and Ko=+(K,,
+K__)—K _ of Eq. (34) are very similar. Consequent-
ly, we display in Fig. 4 K, _ and Ky for CuMn I only.
The strengths of the two types of Dzyaloshinsky-Moriya
terms (R, xRp)(S,xSp) and (R, xRp)-87(S,
XSp )°§T are nearly equal.

A much stronger variation in the interaction coeffi-
cients K, _ and Ky may be seen from our choice of
models for AuFe. In our first model, we have used the
following values:

AuFe I:
Zi+Zi =6,
Z}f-z;=22,
0t (kp)=2.5761, n7 (kp)=1.1938 , (59)

At=0.20eV, E} =52148 ¢V,
A~=0.40eV, E_=5.6884 ¢V,
and in our second model, we used the following values:

AuFe II:

Z‘?’ +Zd—=7 ’
Z;—-Z;7 =283,
03 (kp)=3.0882, 715 (kp)=1.3100, (60)

A+=0.10eV, E},=3.6267 €V,
A==0.35eV, EL,=5.6237 eV,

where Ep=5.53 eV.
In Figs. 5 and 6 we illustrate our results. Once again
we have plotted the envelopes of the amplitudes of K, _

AuFe: 1
20— —— 1
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5 \
@ 1.0f \ 1
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W r\\
r N
\,
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0.5 S~ 0symKgq 7]
Koo Tl
—_— -
O i 1 1 1 i 1 1 1
2 34 56 78 9IC
R/Rg

FIG. 5. Envelopes of the interaction coefficients K, _ and
Ky and of their asymptotic forms for model I of AuFe.
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FIG. 6. Envelopes of the interaction coefficients K, _ and
Ky and of their asymptotic forms for model II of 4uFe.

and Ky, together with their asymptotic forms.

In model I, K,_ is about twice Ko sO that the
strength of the DM term in (RA XRB) (S, X8Sp)i is about
twice that of the term in (RA XRB) ST(SA XSp): ST In
model II, Ky is unchanged vis-a-vis model I but K _
has been reduced considerably. The anisotropy is dom-
inated by the second type of DM interaction.

These results may be understood in terms of the density
of d states pg=(1/7A%sin’ng at the Fermi level. For
both CuMn I (pd =0.1348 eV‘ , p7 =0.0674 eV~!) and
CuMn II (pd =0.0200 eV}, pa =0.2131 eV~ 1), one
value of pJ is noticeably larger than the other but neither
turns out to dominate in either model. For AuFe I
(o4 =0.4570 eVl pa =0.6879 eV~!) the same may be
said. Thus, for these models, we see that both types of
DM interaction are important. However, for AuFe II
(pF =0.0091 eV~!, p7=0.8490 eV~!) the density of
states at Er of the upper resonance is 2 orders of magni-
tude larger than that of the majority spin state. This leads
to a strong suppression of the term in
(R 4 X ﬁg )-(S 4 X Sp) relative to the spin-polarized contri-
bution (IA(A Xﬁg)-gr(SA XSB)-§T. It is clear then that
there is sufficient variation of the material parameters of
CuMn and AuFe in the literature to preclude a presenta-
tion of exact number results.

V. CONCLUSIONS

We have found that in transition-metal binary spin-
glass systems there is a second type of Dzyaloshinsky-
Moriya coupling which depends upon both the magnitude
and direction of the magnetic moment on the third impur-
ity site. The relative values of the density of d states at
the Fermi surface of the VBS resonances determine the
strength of the coefficient K, _ of the “unpolarized” DM
term (RA XRE) (S, XSB) vis-a-vis that of the new “po-
lanzed” term (RA XRB) ST(SA XSB) ST For example,
if pf <<pz, the unpolarized term is suppressed. Both
densities play a role in determining the strength of the po-
larized term and we find that the magnitude of its coeffi-
cient Koy is somewhat model independent as can be seen
from Figs. 4—6. Thus, in our model, the primary differ-

ence between materials shows up in the prefactor of the
DM interaction, the factor A;,T'2/E} in Eq. (33). If one
assumes that both A; and I' are similar for CuMn and
AuFe, the DM interaction in AuFe will be twice as strong
as that of CuMn since the ratio of the cubes of Ef is 2.0.
Then the macroscopic anisotropy energy ~ (Epy)* will be
4 times larger. There are additional sources of anisotropy
in AuFe which we have not taken into account, the effects
of the gold hole and of the orbital contribution to the
magnetic moment of iron.

We have also shown that the coefficients of both types
of DM interactions exhibit a variable range dependence
whose most important determinant is the magnitude of
the separation of the VBS resonances from the Fermi sur-
face, | kr—k/|. For hypothetical materials for which
this quantity is very small, the interactions K, /R> will
fall off as 1/R3. In practical cases, the interactions ex-
hibit this behavior only in the nonphysical regime where
the average interparticle distance is less than a nearest-
neighbor distance. In the spin-glass regime where R,,
ranges from 1 to 10 lattice constants, the interactions
show strong deviations from 1/R 3 behavior, going over to
the form 1/R* for sufficiently large R,,. However, de-
pending upon the material parameters, “sufficiently large
R,,” can be as small as a lattice constant. In general, the
1/R* forms of the interactions are better approximations
but preasymptotic corrections will be important when
| kp—k/ | is small. The major consequence of this find-
ing is that previous calculations have lead to serious
overestimates of the macroscopic anisotropy energy.

We have refrained from attaching specific numbers to
our results. Four parameters are required to determine
the magnitudes of the functions K, _ and Ky: the num-
ber of d electrons at the impurity sites, the value of the
magnetic moment, and one of the pair A’ and EZ, for
each VBS resonance. Three additional parameters are
needed to evaluate the interactions: the spin-orbit con-
stant, the strength of the spin-spin coupling constant, and
Er. Generally A; and Ef are known but the values of the
remaining five parameters are not known with sufficient
precision to allow for a good numerical analysis. For ex-
ample, one of the pair I' and S (or u), depending upon
which is considered the independent variable, can be mea-
sured by the approach of the magnetization to satura-
tion'> and by NMR.!* Both experiments probe the first
few nearest-neighbor interactions, and previous analyses
assume that the impurities are coupled by the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. However, the
latter assumption is questionable. The variable range
dependence of the DM interaction is not a characteristic
of the DM interaction per se; i.e., of the effect of spin-
orbit scattering, but is an effect of the resonant scattering.
A crude second-order RKKY-type calculation but with
the wave function given by ¥(n?) instead of by plane
waves shows the same behavior:

E‘2>~ws,sa , (61)
R

where V(R 45)/Rjp varies from 1/Rjp to 1/R}p. This

particular calculation has been done more precisely by

taking into account the variation of I" with energy, and is
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able to explain the variation of the spin-glass temperature
with impurity concentration.® Thus, it is clear that the
experiments probe the region where the interaction is
closer to 1/R? than it is to 1/R3. Consequently, the
values of I" and/or S derived by assuming the interaction
goes as 1/R? are probably incorrect. Thus, before one
can accurately calculate macroscopic anisotropic energies,
experiments which give the necessary parameters should
be reanalyzed with more realistic interactions.
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APPENDIX A: EFFECTIVE HAMILTONIAN

We wish to show that the perturbation about the spin-
orbit scattering site can be written as an effective Hamil-
tonian

H. (M =als+B(1-S7)sSp)+y1-8r,

where St is the magnetic moment at the site of the spin-
orbit scattering.
From Egs. (5) and (7) we may write

(A1)

ED~ 3 () |88 () (dn”) [I's | p(n” ) ((n°") | Sp-s | (7))

o,0',0"

= 3 (¥ |Sys|0 ) mpa’ | Hg(r) | mpa"){a" |Sp's| (1)) .

a'al’all

In Eq. (A2) the trace over spin states cannot be taken im-
mediately because the space and spin variables are coupled
in the wave function ¥(n?). However, the spin depen-
dence of the spatial part can always be expressed as
| 7?){7n° | =g +hs-8, where 1 is an axis of quantization.
We obtain

E®~3(0|S,s(g +hs)l's(g'+h'sW)Sps|0),
[+

(A3)
so that
H (M) =(g +hs)l-s(g'+h's 1) . (Ada)
By expansion, this is equivalent to
H_(\)=gg'l-s+hg's-0l-s+gh'l-ss-i
+hh'sil-ssd. (A4b)
With the use of
s-As:B=4A-B+7is:(AXB), (A5)
we obtain
Ho(W)= |gg'— % I's+ %u-ﬁxs-ﬁ)

+%(hg'+gh’)l-ﬁ+é(hg’-—gh')s-(ﬁxl) :
(A6)

When the principal value integrals indicated in Eq. (5) are
performed, the last term on the right-hand side of Eq.
(A6) will vanish, since hg' is a function of k’,k” while
gh' is the same function of k’,k’. The remaining terms
are

(A2)

I

2
H(M)=(g— Lh))ls+ hT(I-ﬁ)(s-ﬁ)+ Lohld .

(A7)

This result has been demonstrated for an arbitrary axis of
quantization. However, for ¥(77), Eq. (3), to be an eigen-
function of the zeroth-order Hamiltonian, the axis §i must
be that of Sy itself, which proves Eq. (A1).

The term in IS} of Eq. (A1) makes no contribution to
the energy as we now demonstrate. From Egs. (A3),
(A4a), and (A1), we have

E®~F (oS, -s[al-s+B1I-8;)s87)+yI1-87]Sps| o)

=a'l(S,XSp)+B1-87(S,XSp)Sr+7'1-875 S
(A8)

and after the angular integrations of Eq. (5) have been

performed, I-R 4 xﬁg so that the matrix element in Eq.
(A2) contributes the term

E(3)=a"(ﬁA Xﬁg)'(sA XSg)
+B”(ﬁA Xﬁg)‘gr(sA XSB)'§T

+y"(R,xRp)87(S,-8p) . (A9)

If one considers the matrix element similar to that in Eq.
(A2) but with the order of scatterings changed from
(S,4°s,l's,Sp*s) to (Sp°s,l's,S,-s), one obtains the same
result as Eq. (A9) but with (R,,S,) interchanged with
(Rp,Sp). The first two terms of Eq. (A9) are invariant
under this operation but the third term goes into its nega-
tive. Thus, when all six contributions to the energy are
considered, terms like (R y Xﬁy)‘gr S 4-Sp pair off and
cancel, leaving only two types of anisotropic interaction as
we have already shown.
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APPENDIX B: INTEGRATION OF K,

The coefficients of the DM interaction, Eq. (32), are given by
Vi Vied
Koo =307
where the phase shifts are given by

E
/. " dE, sin[7°(k)]sin[n° (k)]sin[kR +7°(k)+7° (k)] ,

(kg)?
(k?):—k*
Here, k=(2mA°/#)'/? and k7 =(2mE %, /#)'/2.

By means of the identity

dEx _ dn°

A sin?g?
we obtain for the diagonal term K,
|V |2 o) o
Koo=——"10— fmm dn?sin(kR +27°) .
An integration by parts yields
| Va |2

AU

n°(k)=n3(k)=tan™"

K, = (sin[7°(kp)]sin[kgR +7°(kg)]+ 5 {cos[°(0)] —cos(kzR)—RI}) ,

where

kF kF :
I°=fo sin[kR +279°(k)]dk =Im fo e™*R{cos[2n°(k)] +i sin[2n°(k)]}dk .
From Eq. (B2), one finds
2i(kg)?
k2= (k7P +i(k)*

cos[27°(k)]+isin[27%(k)]=1—

Thus,
I°=——}E-[cos(kpR)—1]—2(kZ)2RefokFe"‘Rkz 1,
P+ (K)
from which
|V |*

Koo= A {sin[n°(kg)]sin[kgR +7°(kp)]—sin?[79(0)]+R (k§)* ReG,(R)} ,

o

where

kF . 1
G,(R)= ikR dk
=J, e K2 (kP +i (k)2

This is Eq. (37) of the text.

B1

(B2)

(B3)

(B4)

(BS)

(B6)

(B7)

(B8)

The off-diagonal coefficient K,, _, may be obtained in a similar way. It may be writtenas (K, _=K__)

# VaVia

= Imkodkke"‘RxE"”+ inpt e sinn—
=2 AVA- . sinp*e np”,

KU—U

(B9)

and by means of _
(k")z Ka—a=2ngFVszIm
in? - A

£ sinn? = (k,“)z—-kz—i(kZ)z (B10)

and the use of partial fractions as where

A[H,(R)]

(Ems—Ef%)—i(A=—A%) |’

(B11)
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eikR

(kPP —k?—i(kg)?

k
H,,(R):fordkk

and
A[H,(R)]=H (R)—H_(R) .

Since H,=id /dRG,, this yields Eq. (38) of the text.
There remains only the integral G,(R) to be determined.
By defining u =kR,G,(R) may be cast into the form

R kg ) 1
G,(R)=—"+ due't - ,
7 pl—p J; p—p?  p—p%
(B12)
where pS are the roots of the equation
(u°P=(uy)*—i(u)*. Therefore,
pi=ta%"*’”, (B13)

where
a®=[(kI) (kL1 kg
and
kg |?
tang? = — | —
an¢g %

Then a change of variables p =it +u% in Eq. (B12) leads
to
Bp — —ip g +ip —t
[Hremd_gu=et [ " g
O p—ui in% t

=" E lips)—Ey(—ipp+ip)]
(B14)

where E(z) is the exponential integral function. This
completes the integration of G,(R), Eq. (39).°
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