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The effect of a residual orbital moment on the magnetic form factor of Ni*+ is calculated. It is shown that
the ordinary form factor is replaced by a tensor, and formulas are given for the slow-neutron magnetic-
scattering cross sections of paramagnetic, ferromagnetic, and antiferromagnetic Ni*+. It is found that the
unquenched orbital moment causes a 4%, expansion of the form factor relative to the “spin-only” case, and
that the anisotropic scattering is reduced by about ten percent.

1. INTRODUCTION

N the theory of the magnetic scattering of neutrons
by transition metal ions, as developed by Halpern
and Johnson,! it is assumed that the orbital angular
momentum is completely quenched by the crystalline
field, and that its associated magnetic moment does not
contribute to the scattering. An examination of the g
factors for these ions shows, however, that there may be
sizeable residual orbital moments present. For a sub-
stance with a completely quenched orbital moment we
should expect a g factor of 2.00, and the deviation of the
¢ factor from this value gives a measure of the orbital
contribution to the total magnetic moment of the ion.
Specifically, (1/g)(g—2) is the fraction of the total
magnetic moment which is due to orbital motion. For
the Nit* ion, with a (3d)® configuration, a number of
measurements®® of the g factor in different salts gives
g=~2.2, so that about 109, of the Ni*+ magnetic moment
is due to orbital motion.

Recently Alperin* has measured the magnetic form
factor for Nit* in antiferromagnetic NiO. He found that
the form factor was considerably expanded compared to
that calculated for the free ion. In the interpretation of
this experiment the contribution of the orbital moment
was neglected. The present calculation was undertaken,
apart from its general interest, to see to what extent this
form factor expansion can be understood as due to the
orbital contribution. We have found, in fact, that about
49, of the 179, expansion can be accounted for in this
way.

Scattering by orbital moments has been considered
previously by Trammell,® and in an elaboration of his
work, by Odiot and Saint-James.® They were concerned
with rare-earth ions, in which the orbital moments are
completely unquenched, and the effects of the crystal-
line field are secondary. In the case of transition metal
ions, such as Nit*, where the crystalline field nearly
quenches the orbital angular momentum, the situation
is reversed. In the following section the theory is de-
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veloped for the Nit™* ion. This case is simple, because in
Nit++ the orbital degeneracy is completely lifted by the
cubic crystalline field (whereas in the Fet* and Co*+
ions the orbital degeneracy is not completely lifted,” and
the discussion of the neutron scattering is more compli-
cated). In Nit+ the crystalline field quenching is par-
tially lifted by the spin-orbit coupling, which causes the
admixture of a higher state into the ground state, giving
rise to an orbital moment which influences the form
factor in a way we wish to discuss.

2. THEORY

The differential cross section for the elastic magnetic
scattering of unpolarized neutrons into solid angle dQ’ is!

do

=(ve*/me? L po| X exp((K-n)(¢'| Ta|g)[% (1)
aQy ad’ n

where |¢g) and |¢’) are the initial and final states of the
crystal (assumed to have the same energy), K=k—k'is
the difference between the initial and final wave vectors,
k and K/, respectively, of the neutron (|k|=|k’|), nis
a lattice vector, y=—1.91 is the gyromagnetic ratio of
the neutron, and p, is the probability that the state |g)
is occupied, usually given by the Boltzmann factor
e~ Ed*T (3 e~Ea'lkT)=1 The operator T, represents the
interaction of the neutron with the electrons of the ion
at site n, and is given by*

. Lot . .
T,=Y e KX (s]-XK)—% 2 e®ri(KXpy), (2)
i 7

where s; and p; are the spin and momentum of the jth
electron, r; is the position of the electron relative to the
lattice point n, K is a unit vector in the direction of K,
and the summation is over all electrons of the ion at
lattice site n. The angular momentum operators will be
taken to be in units of % throughout the paper.

The second term in Eq. (2), which represents the
orbital contribution to the interaction, can be put in a
simpler form, first derived by Trammell.> He showed
that by expanding ¢*®°*7 in a power series and using the
relation p;= (im/%)[3C,r;], 3C being the Hamiltonian

7 J. Kanamori, Progr. Theoret. Phys. (Kyoto) 17, 177 (1957).
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without spin-orbit coupling for the scattering system,
this term could be written as

— (i/hK) T, e ip;
= (m/12K) 5; [3¢, £;GK- 1) (51— 1)]
15, KL+ LI(K-r)IXE, 3)

where the function f(K-r;)=f; is given by

et o | I

Some of the properties of this function will be discussed
later.

- If we neglect a small term arising from spin-orbit
coupling (which is of the order of the ratio of spin-orbit
coupling energy to electronic kinetic energy) the matrix
elements of the first term in (3) between states of equal
energy vanish, for

(¢'12; 03¢, 1;(GK-15)7 (e ri—1) ]| )
~(By—E)¢' | X5 1;GK ;) (e%ri—1)[g)=0. (5)
Trammell also gives an argument indicating that this

term can be neglected for inelastic scattering. Using (3),
the cross section becomes

do ve? \2? . s _ .
T (%) £ ol ety IR e xR
aQ mc/  ad n i

e FALULXE) i+ fXK) Ty | 9|2
= (Z-e— T P2 oK () (§ef— KK 5)
mc? aq’ mn
X{q| 0n®t|g'Xq' | O ), (6)
where Qu=3; [¢®is;+1(I;fs+ /1) ], Qu* and K= are

the a components of the vectors Q, and K, and the
summation convention has been employed for Greek
letter indices.

3. DERIVATION OF THE FORM FACTOR

Figure 1 shows the spectrum of Nit* (34)% in a cubic
field, neglecting spin-orbit coupling. This spectrum has
been determined by optical absorption experiments for
Ni in MgO by Low? and for NiO by Newman and
Chrenko.? A complete theoretical calculation (including
spin-orbit coupling) has also been done for this con-
figuration by Liehr and Ballhausen.® All of the informa-
tion about the wave functions which we need, however,
can be obtained by simple symmetry arguments.

The ground state neglecting spin-orbit coupling ®T'; is
an orbital singlet with S=1 and therefore has no orbital
moment. The spin-orbit coupling will, however, mix into
this °T'; state small amounts of higher states and the
cross terms of the admixture will give nonzero matrix
elements of orbital angular momentum. The calculation

8 R. Newman and R. M. Chrenko, Phys. Rev. 114, 1507 (1959).
9 A. D. Liehr and C. J. Ballhausen, Ann. Phys. 6, 134 (1959).
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of this admixture is simplified in the case of Nit+ by a
fortunate set of circumstances.

If we restrict ourselves to the configuration (3d)%,
there is no state other than the ground state which has
the symmetry T',. This means that the cubic field can-
not cause any mixing into this state of spectroscopic
states with different L or S, and it remains pure 3F:

I'To)=AN2)(I°F M=2)—|°F M1==2)), (7)

where |3F M =2), etc., are the wave functions of the 3F
state. The same argument holds for the first-excited
state 3I's which also arises purely from the 3F state. This
is mixed with the ®T's ground state by spin-orbit cou-
pling. Hence the calculations will all be done within the
8F manifold of state vectors. In these circumstances the
spin-orbit coupling, which in general must be written
> i ¢ilivss, can be expressed as AL-S, and the ground-
state wave function (including spin-orbit coupling) can
be written as

A
(1——~L-S) |30 M )
A

A \/2-

Here A is the energy of the ' state relative to that of
3T, Spin-orbit coupling can also cause an admixture of
the T's(AD) states, but this cannot contribute to the
orbital scattering and it makes only a small anisotropic
contribution to the spin scattering, so we neglect it in
the following discussion.

To evaluate the matrix elements in Eq. (6), we now
assume that the state vectors |¢) can be written as a
product of state vectors referring to the individual ions
(Heitler-London model). Using the ground-state func-
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tion (8) for Nit* we must calculate

(:TZMS{ (1- O\/A)Ln' Sn)
XQa*(1—(V/A)La-So) [PToM §). (9)

In the absence of spin-orbit coupling (where the orbital
moment is quenched) these matrix elements can be split
into two parts, one referring to the space coordinates
and the other to the spin coordinates, the spatial part
being the magnetic form factor. We will now show that
such a separation can still be accomplished, but the form
factor now becomes a tensor. Writing Q,* in full in (9),
this becomes

(oM s| 20, €™ wis;*|*ToM &)
— (N/A)CT M 5| LoPSaf 3 ; € ris;e
4205 X ris; 2L PSP [T M &)
— (W A)CTM 5| LoSaf% 2° (L2 fi+ fili®)
+5 250 it fili) LaPSaP [PToM ' )+0(N2/A?).  (10)

The term (UM g\ 2221+ fi1:%)|°*T2M sy vanishes
because the orbital moment is quenched in the unper-
turbed state |*T':M s). The first term in (10), which is
the only one occurring in the absence of spin-orbit
coupling, is equal to

2 (T2 | %73 [ToXSM s|55%| SM ). (11)

Using the algebra of vector coupling,® the spin matrix
element can be written as

(SM s|s5;%|SM s'y=(SM s|8;-Sa/S(S+1)| SM s)

X(SM 5| S| SM &), (12)

where S, is the total spin of the ion at lattice site n.
Equation (11) then becomes

2 AT | e 71| To)(SM 5|8;-Sa/S(S+1) | SM 5)
X{(SM | Su®| SM s"y= f(K)}(SM s|S.2|SM &), (13)

where f(K) is the usual form factor obtained in the
absence of the orbital moment.! For electrons with
paired spins, s;-S, will have opposite signs, and the
contribution of these electrons will cancel, provided
they have the same orbital wave function (this amounts
to neglecting spin polarization effects). For the two
unpaired electrons in Nitt,

(SM s|8;-8./S(S+1) | SM 5)=3, (14)
and f(K) becomes
JK)=HTa| e r1+e-12|Ty)
=(Dy|e™ | Ty), (15)

where r; and r, are the coordinates of the unpaired
electrons.
Let us now consider the second term in (10). Sepa-

E, U. Condon and G. H. Shortley, The Theory of Alomic
Spectra (Cambridge University Press, New York, 1935).
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rating the spin and orbital terms this is

— (\/A) Z{(Ta| LaPe™ *i| Tl SM 5| Safs;*| SM &)
+(To| e® TiL B To)(SM s|5;2S.F| SM §')}.  (16)
But
(Ta| LoPe™ *i| D) =(T's| (LaPei™ i)t | Tp)*
=(Ty| e Ly |Ty)* = —(Ty e i L | Ty),
since Ly#*=—L,#, and |TI';), being nondegenerate, can
be chosen to be real. Equation (16) then becomes

—(\/A) ZATs|e™riLyf|Ts)
X(SM s|5:%SaP—SuPs;*| SM 5).  (17)
In the commutator on the right we follow the procedure
used in deriving (15) and replace s; by £5,%, obtaining
— (V/AXTe| e 1 Lof | T SM 5| [Sa®,Suf ]| SM ')
=—(A\/AXTs| e LB | T X SM s|ie*B7S,7|SM ')
= @5 SM 5| Sa7| SM &),

where

(18)

@s°7=—(\/A)ie*P (D] ¢®LATy),  (19)

and €87 is the unit antisymmetric tensor of third rank.
The orbital term in (10) can be transformed similarly,
and we find

— (\/A)CT M | LaPSnf% 351 fifil%)
+5 20 f i fil%) LaPSaP| T2 M 5')
= 0*8(SM 5| Su?|SM ), (20)

where
@ =—(\/A)Ts|3 212 fi+ fil;*)LF|Ty).  (21)

Using the results of (15), (19), and (21), the matrix
element (10) becomes

CToM 5| (1— (/A La- Sa)Qu*(1— VAL~ S0) [PTaM ')
=F*v(SM 5| Sa"| SM §'), (22)
where

Fov= f(K)oo7+ o g7+ g, 2. (23)

The tensor F*v thus replaces the form factor of the
“spin-only” case. It is easy to see that '*7 is real if there
is a center of inversion in the crystal. This follows from
the facts that the state |T's) is real and that e’¥*i and
f(K-1;), although both complex, have nonvanishing
matrix elements only for their real parts, the imaginary
parts changing sign under inversion of the coordinates.

The scattering cross section, Eq. (6), can now be
written as

dod = (L) >

P 3 ik (m—n) (5a5_KaKﬁ)
mct/ MM mn

XEHFE(M S | MY M| Su*| M), (24)
where | M) and | M’) are magnetic state vectors for the
entire crystal, assumed to be products of the state
vectors for the individual ions,
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4. CROSS SECTIONS FOR PARAMAGNETIC,
FERROMAGNETIC, AND ANTIFERRO-
MAGNETIC CRYSTALS

From Eq. (24) we can derive expressions for the
elastic scattering cross sections for paramagnetic, ferro-
magnetic, and antiferromagnetic crystals.!* For a para-
magnetic substance in the absence of a magnetic field,
the energy is independent of the quantum number M’
and we can sum over these states by closure:

2 puM[So? | MM’ | Su#| M)

MM

=§ (M | S’Sw| M), (25)

But this is simply the thermal average of S,”Sn* at
temperature T':

2u 17M<]‘/I‘SnVSm"lM>=<Sn”Sm“>T- (26)

Because different spins are uncorrelated in a para-
magnet this can be expressed as

(Su?Suahy =15 (S+1)bm u0"". @7

Substituting these relations in Eq. (22) we get the cross
section for paramagnetic elastic scattering:

(do/dmpm_w( )s<s+1>4gzz<b<K>|2 (28)

where IV is the number of unit cells in the crystal, and
3¢ |2(K) |2
= FaBfeb_— KR BRavfbu
=242f(¢s**+ ¢,
—KRP (0,4 o570+ o fot- 0 52)+0 (NY/A?)
=242 ¢, %~ KK (,"+ g,0%),

making use of the antisymmetry of ¢ s*# [see Eq. (19)].
Taking the square root of Eq. (29), we get for ®(K)
(apart from an unimportant phase factor)

3(K)=(2/9[f(K)+3 0,5~ 1R K5 ( 0,5+ 0,0)]
+0(\/A?).

The factor 2/¢ has been inserted to make ®(0)=1, so
that ®(K) is a conventionally normalized form factor.
In the case of a ferromagnetic substance the energy
Ey depends very strongly on M. If » is a unit vector in
the direction of the magnetization and if we choose 5 to
be the axis of quantization of the states | M), the ground
state will be the state of maximum spin in the direction
of n. Restricting ourselves to temperatures well below
the Curie point, so that the magnetization is saturated,

(29)

(30)

1 In this section we follow the derivations given by W. Marshall,
Harvard University, 1959 (unpublished notes).
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we have
2 oM Se? | MM | Sk | M)
MM
=(NSq|Sa’| NSpXNSn|Su*| NSy), (31)

where | N.Sn) is the spin state of the entire crystal with
component of spin in the direction % having the value
NS, S being the spin of a single ion. But

(NSn|Sa?| NSp)=7"S. (32)
Substituting this in Eq. (24), we get
( ) ( ) (6045 KaKﬂ)
ferro XF“"‘F‘SV‘I]”ﬂ Z ¢iK (m—n)
ve2 \? (2m):N
=SE(——) > 8(K—=)
mc? Vo =
X (Fosorgp— RoFommRARSy), - (33)

where V) is the volume of the unit cell and « is 27 times
a vector of the reciprocal lattice. For a multi-domain
crystal we must average over all possible directions 5 of
the magnetization. For spherical or cubic symmetry we
have

(")””Iv)av= %5#";

so that (33) becomes
(do 2 rve*\? (2x)N
£). )

dﬂl ferro 3 mCZ Vo

2

x%gam—e)[@(ml?,

(34)

where ®(K) is the same form factor [Eq. (30)] that was
found for paramagnetic scattering.

For a simple antiferromagnetic substance in which
there are two sublattices with spins in opposite direc-
tions, the arguments for the ferromagnet can be taken
over if we make allowances for the fact that the mag-
netic unit cell may differ from the chemical unit cell.
The cross section for a multi-domain antiferromagnet is
found to be

( ) (762 )
antiferro mc?

>< Z 3(K—=)|2(K) |*| Fn(K) 2,

(2nyNe
VO(M)

(35)

where Vo™ and N are the volume and number of
magnetic unit cells, respectively, and F,(K) is the
structure factor for the magnetic unit cell, given by

Fp(K)=2 (%) exp(K-g;). (36)
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TaBLE I. The matrix elements (dm| (K- r)|dm’) =‘/.RY(7')2m(‘7f)
Xo(K-t)R(r)Yom (#)d3r, @(K-r)=4nw 2 iLhr,(Kr)Y par*(K)
XY ru(?). For o(K-r)=e"®"T" h1(Kr) is the spherical Bessel
function jr(Kr), while for o(K-r)=f(K-r) [Eq. (4)], kz(K7r)
=gr,(Kr). The average (k1) is defined by (k) =/"0° R2(r)h(Kr)r*dr.

~

(dm] o (K-1)|dm")[ ¥ rar=Y ()]

2(m)Xho)Y oo+ (4/7) (5 )Kha) Yoo+ (2/7) ()t ¥ 40
(2/7)(30m)¥ ko) Y21+ (2/7) (5w )Mha) Vo
(4/7)(5m)Xho) Y 22+ (2/7) (157 )Kha) V42
(2/7)(35m)Xha) V4s

2/T)(70m)Khs) Y o—s

— (2/7)BOm) (o) Y or— (2/7) (5)ha) Y a1

2(m)¥ho) Y oo— (2/7) (5m)¥(h3) V20— (8/7) (w)¥he) Y 40
(2/7)(5m)¥ha) Y 21— (2/7) B0m)¥ha) Y 4

(277) (30m)Hin) Vog— (4/7) (107)2(hs) Vs
—(2/7)(357)Kha) Va3

@/T)(ST)Kh) Y o2+ (2/7) (157)Kha) Y a2

— @2/7)(Sm)Kho) YV o1+ (2/7) (307 )X ha) ¥ 41

2(m)Kho) Yoo— (4/7) (5m)Kho) Yoo+ (12/7) (w)Kha) YV 40
— 2/T)(Sm)¥ho) Y o1+ (2/7) (30m)¥ha) V 4-s

4/7) B )Xho)Y 22t (2/7) (157 ) K} V42

= (2/T)35m)Khs)V s

(2/7)(30m)¥ ha) Y aa— (4/7) (10m)K 1) V a2

2/7) (5 ) KoY Vo1 — (2/7) (30m)XKha) Yy

2(m M) Y oo— (2/7) (5) o) Vao— (8/7) () a) Va0
—(2/T)B0m)ha) Y o1 — (2/7) (5w )Kte) Vs

/7)) (107 )X ha) V as

2/7)(357)¥ha) ¥ 43

4/7)(5m)Kh) Y oo+ (2/7) (157 ) () Va2
(2/7)(B0m)¥ho) ¥V o+ (2/7) (S )¥hs) Var

2(m)Xho) Y oo+ (4/7) (S )2y Y a0+ (2/7) (w)¥he) Y 10

N

NRO=N

RO =N

|

|

|

R

BN NN [l o OO O b e ped ek NN §
|

NRORN NFRORN N=ORN

o; is the vector from the origin to the jth ion in the
magnetic unit cell, and the plus or minus sign is to be
taken according to the direction of the spin of the ion
at o;.

Except for the difference in the form factor, these
formulas are the same as those derived by Halpern and
Johnson for the case where the orbital moment is com-
pletely quenched, and require no further discussion.
Because of this difference in the form factor, however, it
is no longer possible to interpret this quantity as the
Fourier transform of the charge density.

5. CALCULATION OF THE FORM FACTOR FOR Nit+

For the simple case of Nit*, where there are two holes
in the d shell, it is easiest to follow the straightforward
procedure of writing the state |I'z) in terms of one-
electron wave functions |dm) |demis), where |dimi)
is an eigenfunction referring to electron 1. Using tables
of Clebsch-Gordan coefficients,® we find

|F M 1=2)=(1/V2) (| d:2)|d-0)— | d:0)| :2)),
|F M p=—2)= (1/V2)(|d:0)| ds—2)— |d1—2)| d:0)). (37)
We want to calculate f(K) and ¢,*f using the expression
(7) for |Ty).

Consider f(K) first. Substituting (7) and (37) in (15),
and remembering that ¢ refers only to electron 1, we

M. BLUME

obtain

J(K)=3(d0] ™| dO)+3(d2 | e™ | d2)
+3(d—2| e -*| d—2)+1(d—2] ¢%*| d2)
+¥(d2]e®r|d —2). (38)

The problem is then reduced to the evaluation of the
one-electron matrix elements

(dm] e dm’)
- f ROVY o (PSR (7) Vo ()7, (39)

where R(r) is the radial wave function for the d electron
and Vs, is a spherical harmonic. To calculate these
integrals we follow Weiss and Freeman!? and expand
¢%* in spherical harmonics:

eXr=dg ¥ iLj (K YV oa* () Vi (7),  (40)
LM

where

+1
Ju(Kr) =31 f ¢ KLPy ()
—1

are the spherical Bessel functions. This gives for (47)
(dm|e™® | dm’)
=dr 3 iL<jL>YLM*(K)f

LM

Von*(A)Y 122 (7) Vo (7)dD2

=§ 2LLA1)m e 4Ly
XCL(Z,’WL; 2,'}%,) yLm—m’*(K): (41)

where (j1)=/"¢® R%(r) j.(Kr)r*dr, and the coefficients
CZL(lym;U'm') are tabulated by Condon and Shortley."
A complete table of the matrix elements (41) is given in
Table I. Using these we obtain

JE)={o)+({ ()Y 40 (K)
+3A0n/ NV uE)+Vea(K) ]}, (42)
the formula derived by Weiss and Freeman.
To illustrate the calculation of ¢,*# we derive ¢,%*
explicitly, but we simply quote the results for the other
v.%8. We want

@o?7=— (N/AXT:| (hzfi+ fil:?) L7| T's)

=—3\)A{F2| (2 fi+ fih*)L*| F2)

H(F—=2| (U2 frt filh5)L? | F—2)

—(F=2| (lh*f1+ filh*) L#| F2)

—(F2| (* fr+ filh ") L*| F—2)}

=—\/A){(F2| (h* fi+fili?) | F2)

—(F=2| (L2 fi+ filh?) | F=2)

—(F=2| (*fit fih?) | F2)

FH(F2| (2 fitfilh?) | F—2)}.  (43)

(I“SR. J. Weiss and A. J. Freeman, J. Phys. Chem. Solids 10, 147
959).
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TasLE II. Elements of the tensor ¢, as defined by Eq. (21). Only the symmetric combinations ¢,%+ @,%* are given, as these are all
that is required for the form factor. The argument of the spherical harmonics is K.

g—2 4 3
¢o"=‘{4 (@)Xgo) Y oo—=(57)Xgo) Yoo+ —(wr)Kga) Vo
4 7 14

5(2m? 2 S5 (2x
+= [—“] @) (VastYsa)+—-(30m)Kgo) (Yoot Vo) —— [__}
435 7 14(s

g—2 4 3
%”’=--{4 (m)¥go) Yoo—=(57)Xgo) Yoot —(m)Xg) Yo
4 7 14

52t 2 5 (2r
+- [——J (00 (Vash-Yas) —— (30m)K(ge) (Var-t- Vo) [__]
41385 7 14|35

—2
Po*i= gz—{‘l (T)Xgo) Yoo+ (5m)¥g2) Yzo+ (7I' W)Y 40}

g—2(2 5 2m)?
@™Vt po¥®=-——9 —(30m)¥ge) (Vo2 — Yo2) —— | —| (Vio—Vs2)
4 \7: 14 5

7

4
(g (Vaot Y4~2)}

L]
{ga) (Y 12+ Y4-2)}

=20 2 5 (r} 5 (ad
QY3 oY = {——— Bor)¥g) (Yr+Yoo1)—— {—] (g (Yaurt+-Yea)+— [—J (ga) (Vas+ Y4_3)}
4 7i 28:1 5 45 {35

g 2 5 ()¢ S5(w)?
PR w”=~-—{- (307)¥g2) (YVa1— Y1) +— [—] (e (Yao1—Yar)+- {—} (g0 (Vims— Yu)}
4 7 285 4{35

Substituting the expressions for |F2) and |F—2)and
operating on the one-electron functions with 7;%, we
obtain

0o**=— (20/A){(d2| f(K-1)|d2)
+{d—-2|f(K-r)|d—2)}). (44)

The orbital calculation therefore leads to one-electron
matrix elements of the form

(dm| f(K-1)|dm')
- f ROV an*(7) fK- DR () Vo (dPr.  (45)

To evaluate these we use a procedure analogous to that
used for Eq. (39). The function f(K-r), which is defined
by Eq. (4), can be expanded in spherical harmonics, just
as ¢’ was expanded in Eq. (40):

f(K-r)=4r Lz}%{ iLg (KN Y par*(R) Y .21 (7),

where

(46)

+
gu(Kr) =4t f fEn)Po(wdu,  (47)
—1

and p is the cosine of the angle between K and r. The
functions gr(Kr) are similar to the spherical Bessel
functions j.(K7) which appear in the expansion of
e’®r, It is the difference between gr(Kr) and j.(K7)
which leads to different shapes for the orbital and spin
form factors. Using Eq. (47) and the properties of the

Legendre polynomials P;(u), we find
go(x)=2(1—cosx)/x?,

g2(%) = (2/%%) cosx— (6/x?) sinx+ (4/x2),
ga(x)= (Zg———z—) cosx—l—( —ZE—I—%9 sinx—[——l%.

3%

(48)

The first two have been given by Trammell. The
evaluation of the matrix elements (45) now proceeds
exactly as for Eq. (39) except that (j.) is replaced by

(gry= f R2(r)gr(r)ridr.

Using Table I we find

@o**=— (4N/A) (g0 + (4/7) (5m)¥g2)V 20 (K) .
+@2/T) (@) XgnV(K)]. (49)

M A can be expressed in terms of the g factor. For Ni++
we have®®

g=2—8\/A; —\/A=(g—2)/8. (50)

This result has been incorporated in Table II, where the
expressions for the components of the tensor ¢,*# are
given. We now need only substitute these results in
Eq. (30) for the form factor ®(K). If we substitute for
the spherical harmonics their explicit forms as functions

18 W. Low, Paramagnetic Resonance (Academic Press, Inc., New
York, 1960), p. 92.
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F1c. 2. (jo), {go) and {go)—3%(gs) for Ni+*, calculated from
Watson’s wave function. The orbital magnetic form factor
({go), {go)—%(g2)) is greatly expanded relative to the spin form
factor (7o).

of K,, K,, K., we obtain, after some straightforward
algebra,

(g—2)

(g0

[<]4>+Q(~<g4>——<gz>)]}, (s1)

Ci(R)=K 2K K22 (52)

is a cubic harmonic. This is to be compared with the
“spin-only”” form factor f(K),

FER)Y=(jo+ (15/4)(jaCa(K). (53)

The most important terms in Egs. (51) and (53) are the
spherical parts of the form factors, i.e., the parts not
multiplied by the angular factor C, (K)

®5(K)=(2/9)[{jo)+L(g—2)/2](g0)—%(g)) ],
fs(E)={jo)- (54)

The functions (jz) and (gz) for L=0, 2, 4 have been
evaluated for Nit+ using Watson’s** analytic Hartree-
Fock radial wave function. Since a table of (jz) has
already been published by Watson and Freeman,'® we
give only the {g;) in Table III. In Fig. 2 we show the
graphs of (7y), (go), and {go)—3(gs) as functions of
(sinf)/N. The “orbital” curves (go) and (go)—3{gz) lie
outside that of (jo), so that if we ignored the presence of
an unquenched orbital moment and tried to interpret
this as due to spin scattering, the form factor would
appear to be expanded. This means that the presence

15 .
‘I’(K)—*{UOH‘ ~ 4 +—Cu(8)

where

# R. E. Watson, “Iron Series Hartree-Fock Calculations,” Solid-
State and Molecular Theory Group, Massachusetts Institute of
Technology, 1959 (unpublished).

15 R. E. Watson and A. J. Freeman, Acta Cryst. 14, 27 (1961).

BLUME

of an orbital moment simulates a contraction of the
wave function. That this is true in general can be seen
by comparing the behavior of ji(x) and gp(x) for
small x. For j.(x) we have!®
in@=1-4,
al (55)

Julx )N_(2L+1)"

where (2L+1)!11=1X3X5X -+ X (2L+4-1). Similar for-
mulas can be derived for gz (x) by using the relations!’

“ 25} (n+- D)1
f p"Pr(u)du=
-1 [ (n—L)J{(n+L+1)!

if »—L>0, n—L even,

=0 otherwise,

and Eq. (46); we find
go(%) ~1—7527,
xL (56)

L+2 QL+
Comparing (55) and (56) shows that for small K,

(Joy=

(goy~

gr(x)=

1—3K*r),
1—117K2<72>7
KL
(L )N(ZL—!-I)”( ), (57)
KL
(gr. )~L+2m< L),

TasLE III. The functions {go), {g2), and {gs) for Ni**, calculated
with Watson’s!® restricted Hartree-Fock wave function.

sind
—_— ( A—l)

A (g0} {g2) (g9)
0.0 1.0000 0.0000 0.0000
0.1 0.9599 0.0157 0.0000
0.2 0.8560 0.0540 0.0025
0.3 0.7229 0.0968 0.0093
0.4 0.5901 0.1311 0.0202
0.5 0.4729 0.1528 0.0329
0.6 0.3760 0.1629 0.0451
0.7 0.2987 0.1644 0.0555
0.8 0.2380 0.1599 0.0636
0.9 0.1909 0.1518 0.0692
1.0 0.1545 0.1418 0.0727

16 P, M. Morse and H. Feshbach, Methods of Theoretical Physics
(McGraw-Hill Book Company, Inc New York 1953).

17E, T. Whittaker and G. N. Watson, Modern Analysis (Cam-
bridge University Press, New York, 1927).



MAGNETIC FORM FACTOR OF Nit+

where

(riH= fw R2(r)r Lty

so that for small K, {(go)>{jo) and {gr)<{j) for L5<0.

6. DISCUSSION

Figure 3 shows the spherical parts of the form factors

for Nitt, fg(K) and ®5(K), taking g=2.2. The third
curve is the spherical part of the form factor as de-
termined experimentally by Alperin.* His results indi-
cate that the radial 3d functions are greatly contracted
in the solid as compared to the free ion (by about 179%,),
taking the latter to be given by Watson’s unpolarized
calculation for Ni.** This result is in disagreement with
the fact that the g-factor measurements? indicate that
Nsolid = $Atree ion, Where the N’s are the spin-orbit coupling
constants for Nit+. This indicates an expansion of the
Nit+ wave function in the solid, since N is roughly
determined by (1/7%).
1 *We have found that the orbital contribution to the
form factor does not resolve this difficulty since it
accounts for only about 49, of the 179, expansion of
the form factor (see Fig. 2).

It should be emphasized that we have used Watson’s
“restricted” Hartree-Fock wave functions in this calcu-
lation. A “spin-polarized” calculation has also been
carried out for Nit* by Watson and Freeman.'® The
“spin-only” form factor for this case is also expanded
relative to the restricted solution by about 49,. If we
were to replace our (jo) by this spin-polarized form
factor the result would still not be sufficiently expanded
to explain Alperin’s form factor on the basis of an
expanded charge distribution in the solid but together
the two effects account for an 8%, expansion of the form
factor.

One further interesting effect of the orbital contribu-
tion concerns the anisotropic terms in the form factor.

18 R, E. Watson and A. J. Freeman, Phys. Rev. 120, 1125 (1960).
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F16. 3. The spherical part of the form factor for Ni*+. The
spin-only form factor [ f,(K)], spin and orbit form factor [®,(K),
g=2.2], and Alperin’s experimental form factor are shown.

Of the terms multiplying C4(K) in Eq. (51), the orbital
contribution is completely negligible compared to the
(44) spin contribution. The orbital moment nevertheless
affects this anisotropy strongly through the normaliza-
tion factor 2/g. The effect in Nit* is to reduce the
anisotropy by 10%,.

It is clear that the orbital scattering cannot always be
ignored in an accurate interpretation of the experiments,
but that it is not sufficient by itself to account for
Alperin’s results on NiO.
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