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In a previous paper a theory of direct exchange and superexchange coupling between ¢ or f electrons
and conduction electrons was given. This led to the possibility of an antiferromagnetic-ferromagnetic tran-
sition. The present paper is devoted to a more complete treatment of this magnetic transition by way of
examining a particular case. Both the molecular-field theory and a cluster theory due to Oguchi are applied. -
Each leads to a magnetic transition and both predict that for all such transitions the ferromagnetic state
must have a lower free energy at 0°K than the antiferromagnetic state. The transition is found to be of
second order. Expressions are given for the parallel and perpendicular susceptibility in the neighborhood
of the Néel point. A discussion is given showing how the direct exchange interaction with the conduction
electrons makes a magnetic transition possible. A comparison is made between the theory given here and

recent experimental results in Cu-Mn alloys.

L. INTRODUCTION

N dilute magnetic alloys and in the rare-earth metals
one meets the interesting situation in which the
usual Heisenberg mechanism for the coupling of the
magnetic moments does not apply. For a sufficiently
dilute alloy the average separation of magnetic atoms
or ions will be so great that there will be no direct
exchange interaction. Similarly, nearest-neighbor rare-
earth atoms will have no direct exchange interaction
between them because of the very small radial extension
of the 4f orbitals. Therefore, the magnetic properties of
these materials must arise from some new type of spin
coupling whose primary feature must be the ability to
produce a long-range interaction.

Two long-range exchange interactions were con-
sidered in a previous paper,! hereafter referred to as I.
The first was the direct exchange interaction between
localized singly occupied 3d or 4f atomic functions and
the conduction electrons. The so-called s-d exchange
interaction has been considered by a number of
writers.>~* The second long-range interaction discussed
in I was a superexchange interaction. Here one finds a
coupling between the spins of widely separated atoms
through excited states in which these atoms change
their configurations by either gaining electrons from or
giving electrons to the conduction band. Kasuya? has
shown that a coupling will also appear as the result of
including excited states in which the electronic con-
figuration of the atoms is unchanged but where con-
duction electrons are excited to normally unoccupied %
values.

It was assumed in I that the direct exchange between
bound and conduction electrons was ferromagnetic,
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tending to align the spin of the magnetic atom with
that of the conduction electron. The indirect or super-
exchange interaction, which is made up of contributions
from all types of excited states, was assumed to be anti-
ferromagnetic in character. A molecular-field treatment
based on these assumptions was given in I and it was
found to show the remarkable feature of allowing the
possibility of an antiferromagnetic-ferromagnetic tran-
sition. That is, the strength of the exchange couplings
could be chosen so that the material would first order
antiferromagnetically on cooling from the paramagnetic
state, and at some still lower temperature the material
would order ferromagnetically and remain so down to
0°K. The molecular-field treatment as given in I did
not allow the possibility of a transition from ferro-
magnetic to antiferromagnetic ordering with decreasing
temperature.

The purpose of the present paper is to investigate
more completely the antiferromagnetic-ferromagnetic
transition. To this end, a particular example has been
chosen which is defined by a fixed choice of the various
exchange interactions, taking S=% and assuming that
the paramagnetic atoms can be ordered on a two sub-
lattice structure. Two substantially different methods
are used to examine the transition. Section III contains
a molecular-field discussion of the problem. In Sec. IV
a recent method due to Oguchi,® which is essentially a
simplified Bethe-Peierls-Weiss theory, is employed.
Since this method is based on an entirely different set
of assumptions than those underlying the molecular-
field theory, it serves as a good check on the physical
predictions of the molecular-field approach. It is found
here that both methods lead to an antiferromagnetic-
ferromagnetic transition for the example chosen and are
in qualitative agreement concerning the transition tem-
peratures and the susceptibility.

Section II of the paper contains a discussion of the
phenomenological Hamiltonian on which both methods
are based. The results and conclusions of the paper are

8 T. Oguchi, Progr. Theoret. Phys. Japan 13, 148 (1955).
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discussed in Sec. V. A physical explanation is given
there of the mechanism responsible for the magnetic
transition. Recent work on Cu-Mn alloys is also
discussed.

II. PHENOMENOLOGICAL HAMILTONIAN

As pointed out in the Introduction, we are concerned
here with the spin coupling problem where direct-
exchange interactions between magnetic atoms are
zero. The approach used to solve this problem was first
given by Kramers® and later elaborated on by Léwdin.”
A simple example using the method was given in I.
One defines a set of ground states ¢; all of which corre-
spond to the same electronic configuration but which
cover all possible spin assignments to the one-electron
orbitals such that every ¢; has the same total M,. The
ground configuration here consists of the collection of
magnetic atoms with their normal configurations and
all conduction electrons with a fixed set of %2 values
doubly occupied and a fixed set singly occupied. In the
particular example to be dealt with here each magnetic
atom is assumed to have one electron outside closed
shells. There will be no loss of generality by taking the
M of each ¢; to be zero.

In general the true state of the system will be some
linear combination of the ¢.’s and of all possible excited
states 7, of the system. Kramers’ idea was to treat the
excited states 7, as a perturbation on the ground states
by setting up an effective Hamiltonian Uy, which is
to be diagonalized only with respect to the ground set
@:. The form of Uy, to second order is

HiH,
Ukm=Hkm+Z -
v E—H,,

(2.1)

Here Hyn is the matrix component of the actual many-
electron Hamiltonian between ¢; and ¢,, of the ground
set; Hpy, is the matrix component of H between ¢
and 7,; E is the energy of the system, and H,, is the
diagonal energy of the excited state 7,.

The excited states 5, are of four types. First, those
in which conduction electrons are taken from the con-
duction band and put on the magnetic atoms. These
states are similar to the excited states in MnO where
an electron from the O= ion is transferred to a neigh-
boring Mn*+ ion. Second, those in which the magnetic
centers retain their normal configurations but in which
excitations in the conduction band take place. Third,
those in which electrons are excited from the magnetic
atoms into the conduction band. Fourth, those in which
a combination of excitations takes place.

The net results of considering all possible types of
states 7, is that the effective Hamiltonian takes on the
form

S H. A. Kramers, Physica 1, 182 (1934).
7P. O, Lowdin, J. Chem. Phys. 19, 1396 (1951).
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U=—2J(1,7)8:+8;—> > J(4,P)S;-Sp
P

<7 i

—2Z 2 J(P,QSr-Sq. (2.2)
P Q

The lower case letters refer to the conduction electrons
and the upper case letters to the bound electrons.

We shall deal here with the simple case in which the
magnetic atoms can be ordered on two sublattices. For
a dilute magnetic alloy it is assumed that the magnetic
atoms can be divided into two sets 4 and B such that
on the average the nearest neighbor of an 4 atom is a
B atom and on the average the next-nearest neighbor
of an atom is another atom in the same set.

The interaction integral J(P,Q) will be a function of
the distance between P and Q. Let the value of J(P,Q)
for Rp—Rq equal to the average nearest-neighbor
distance be defined as I;. The value of J(P,Q) for
Rp—Rgq at the average next-nearest neighbor distance
is defined as 3. In this treatment J(P,Q) will be neg-
lected for neighbors more distant than the next nearest.

The direct exchange integral between the bound and
conduction electrons J (4,P) will in general be a function
of k. This dependence will be neglected here and the
average value of J(¢,P) for all k£ defined as I, will be
used to denote this interaction.

With the above qualifications, the effective Hamil-
tonian reduces to

U=-3%. J(i,]’)si'sj*fnjn'z IiS4:-Sp;

i<i i Bj
—2- 2. I(Sa:+S5;)-S.
4 Bj

n.n.n.

— X I3(S4:S4;+SsiSgy).

i<y

(2.3)

The first term in (2.3) is the exchange interaction
between conduction electrons which will be assumed to
be of negligible importance in the following. The second
term is the indirect exchange coupling of the 4 sub-
lattice and B sublattice, the summation being taken
over nearest neighbors (n.n.). 7; can in general have
either sign but is taken negative here so as to represent
an antiferromagnetic coupling. The third term repre-
sents the direct exchange between the bound and the
conduction electrons and it is ferromagnetic as I, is
positive definite. The last term is the interaction of the
A sublattice with itself and the B sublattice with itself.
The summation is taken only over next-nearest neighbor
(n.n.n.) pairs 75 and [; can have either sign. With the
first term of (2.3) omitted, the effective Hamiltonian
becomes identical with (73) of I.

III. MOLECULAR-FIELD (M.F.) THEORY

As shown in I, the Hamiltonian (2.3) may be written
as

H=AM 4 -Mp+ir(M4-M4+Mpz-Mjp)

—n(M4+M3z)-M,. (3.1)
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The constants are given by
~A=2I1Z45/N(gup)®, —T=4I3Z44/N(gup)’,

n=1I2/2gus’. (3.2)

Here Z4p is the number of nearest neighbors lying on
one sublattice to an atom on the other sublattice; NV is
the total number of magnetic atoms; Z 44 is the number
of nearest A atoms to a given 4 atom and is taken
equal to Zpp here.

The internal magnetic field acting on the atoms of the
A sublattice is

H,=—AMp+yM,—T'M,. (3.3)
That acting on the B sublattice is
Hp=—AM +yM,—TM5. (3.4)
The field acting on the conduction electrons is
H.=7(M4+Mp). 3.5)

Suppose first that the material is ferromagnetically
ordered. Then M =Mp and the molecular-field
equation for M 4 is

(MM —AMp—TM 4)gusS
MA=%<NguBS)Bs( ) 3.6)

kT

M. can be eliminated from (3.6) by the relation
M.=5xc(Ma+Mp).

Thus, (3.6) becomes

(3.7

(2772)(0_‘ A— F)g,U,BSMA
MA=;(NgyBS>Bs( ) (3.9)

kT

The ferromagnetic Curie temperature is readily found
from (3.8) to be
Te=C{nxc—3(4+T)},
where C is Ng%ug2S(S+1)/3%.
"~ The general expression for the free energy is given by?®
F=AM -Mp+ir(M4-M4+Mp-Mp)
—1'xc(Ma+Mp) - (Ms+Mp)
—kT Ing(M4-Mp) (3.10)

(3.9)

where g(M4-M3) is the number of arrangements of the
spins on the 4 and B sublattices corresponding to a
given M 4 and M p. The case of particular interest here

is for S=1% and with the aid of Sterling’s approximation
(3.10) becomes

—F/N={311Zap+1*Nxc/4gus*+%1IsZ 44}y
+&T In2—3kT[(1+y) In(1+y)
+(1—y) In(1—y)].

8 See for example P. W. Kasteleijn and J. van Kranendonk,
Physica 22, 367 (1956).

(3.11)
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F16. 1. Relative magnetization as a function of #7°/|I:| for ferro-
magnetic and antiferromagnetic ordering.

Here y is the relative sublattice magnetization
2M A / N 141 BS .
The special case to be examined here is defined by the
following choice of parameters:
Zap=6, Zaa=Zpp=6, I;=%I,
and
I2xeN/4ug?=11|14]. (3.12)

Using the relations in (3.2) and in (3.12), we find for
the Curie temperature

ETc=0.75|I4]. (3.13)

The equation for the relative magnetization y is found
from (3.8) to be

y 122X0N I.Z 4B
_( F1sZ 441 ) , (3.14)
2kT \ 2¢%ug 2

which is, in view of (3.12),

y=tanh

t h(——ysllll' (3.15)
=tan . .
Y 4T
The free energy is given in terms of y for the ferromag-
netic case, when one uses the values of the parameters
given in (3.12), as
—F/N=(7/4)|I|y*+kT In2
—3kT[(1+y) In(1+y)+(1—y) In(1—y)]. (3.16)
In Fig. 1, y is plotted as a function of T, and in Fig. 2
—[F+NET In2]/N|I,| is plotted as a function of 7.
In the antiferromagnetic case My=—Mp and,
according to (3.7), M. is zero. The molecular-field equa-
tion for M 4 is
{—AMB—I‘MA}g}I.BS

kT

M 4=%(NgupS)Bs

). (3.17)
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F16. 2. Plot of —[F+NEkT In2]/N|I:| as a function of 27/ |I4|
for ferromagnetic and antiferromagnetic ordering. The intersection
indicates the presence of a magnetic transition.

The Néel temperature is
Ty=1C(A—T)=|I,|/k. (3.18)

Equation (3.17) becomes for the specific example con-
sidered here

y=tanh(|I1|y/kT). (3.19)
The free energy is
—F/N=3%|I,|9*4+kT In2— 3T (14y) In(1+)
+({1—y)In(1—y)]. (3.20)

A plot of y as a function of T for the antiferromagnetic
case is given in Fig. 1, and — (+F+NkT In2)/N|I4|
for this ordering is shown in Fig. 2.

¢ As it stands, Fig. 2 indicates that a first-order anti-
ferromagnetic-ferromagnetic transition occurs at the
intersection of the two free-energy curves. However, it
is possible that there could be states intermediate
between ferromagnetic and antiferromagnetic order in
which the angle between M4 and Mp lies between 0
and . Such states could have the property that the

PRATT, JR.

phase change would be of second order. The molecular-
field treatment of the intermediate states will be con-
sidered next.

Let there be a fixed angle 6 between M 4 and M g with
the spins on the 4 sublattice quantized in the direction
of M, and those on the B sublattice in the direction
of M. Then

MA . HA = <ﬂ2xC—P)M02+ (ﬂzxo*—A)M()z COSG,
where Moy=|M4|=|Msz|. Thus,

(3.21)

M og#BS

Mo=%Ng#BSBs( [n*x¢—T
+ (n*xc—A4) cosﬁ]). (3.22)

For the example being considered here, the relative sub-
lattice magnetization as a function of § is given by

y= tanh(y——-lll—l{7——c036} ) (3.23)
8kT
The Curie temperature of the state of fixed 6 is
Te=3C{n*xc—T+ (n*xc—A4) cosf}. (3.24)

If A>n*x¢, Te steadily increases as 6 goes from zero
to .
The free energy as a function of 6 is given by

—F/N= (IleB/S+122X0N/8g2,u32)y2 cosfd
F (I3Z44/4+12xcN/8g%u 5y
+&T In2— 3T (1+y) In(1+y)
+(1—y)In(1—y)]. (3.25)

It would be desirable to know at any temperature the
value of 6 which minimizes the free energy. Since y is a
function of 8, as can be seen from (3.23), finding the
maximum of (3.25) as a function of # would lead to a
very complicated transcendental equation. However,
the significant details can easily be found graphically.
At 0°K, where y is unity, the extremes of (3.25) occur
for §=0 or =m. Thus the free energy of an intermediate
state of fixed @ will lie between that of the ferromag-
netic and the antiferromagnetic states.

In Fig. 3 the quantity —[(F+NkET In2)/N|I,|] is
plotted as a function of T for =0, §==/4, 6=x/2,
6=3m/4, and §=m. It can be seen from the figure that
the antiferromagnetic-ferromagnetic transition is of
second order with the system following the envelope
of curves of the intermediate states. It was pointed out
in I that the molecular-field theory does not allow the
possibility of a magnetic transition in the opposite
order.

The susceptibility just below the Néel temperature,
where M4 is very nearly opposite to Mg, is readily
found by using Van Vleck’s approach.’ If H,© and

9 J. H. Van Vleck, J. Chem. Phys. 9, 85 (1941).
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H3z© are the molecular fields acting on the A and B
sublattices in the absence of an external field H,, and
H,4 and Hp are the molecular fields in the presence of
Ho, then the magnetization in the direction of Hj is
given by

N HA(O)g,U-BS
M=—2-g,U.BS[ COS(HA,Ho)[Bs(——)

upS Hi®gupS
{g B Bs’( AV'gUB )dHA]
kT kT

Hp®gupS
+cos(H,Hy) [Bs (——)
kT
gunS

Hp®gupS
BS'(——)dHB] l (3.26)
kT

Let Ho be in the z direction making equal angles with
H, and Hp. Then
Ng2upS?

M=2M¢ cos(H 4,Ho)+———
2T

X cos(Ha,Ho) B’ (y0) {dH4+dH3z),
o A I A

(3.27)

}

F+NKT £n2
NIl

{

KT
174

F16. 3. Plot of —[F+NET In2]/N|I1| as a function of kT/| 14|
for various fixed angles between sublattice magnetizations M 4
and M p. This represents a second-order magnetic transition with
the system following the envelope of the curves.
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where Mo=|M4|=|Mp| and yo=|H. ®|gupS/kT.
Following Van Vleck, we take

COS(HA,H0)= (HAZ(O)-i-dHAz)/IHAI. (328)

If H4,9 is neglected in (3.28) and only the first term
taken in (3.27), we have

M=2ModH 4,/ |Ha|. (3.29)

Eliminating M, from (3.3) and using the fact that dM 4
and dMp are equal and are in the z direction, we find

dH4,=Ho+ 2n?xc—A—T)dM4.  (3.30)

The absolute value of Hy is found by (3.21) and on

taking 6=, becomes
|Ha|=Mo(4-T). (3.31)

Thus, (3.29) is

M=

(4-T)
Since M=dM +dMpg or 2dM,, the perpendicular
susceptibility just below T'y is

x1=1/(4—nc). (3.33)

If M4, M, and H are taken to lie in the zx plane with
M, and My making a small angle ¢ with the positive
and negative x axis, respectively, then H 4, is approxi-
mately Mo(4—T)¢. x, is then given by

1 2M o
X1= + .
A—n*xe Hp

(Hot (2rxo—A—T)dM.i}. (3.32)

(3.34)

For H, parallel to M4 we have cos(H 4,Ho)~1 and
cos(H p,H)~—1 just below Ty. Substituting in (3.30)
gives

Ng'ug™S
T le(yo){dHA“i-dHB}

M= (3.35)

The value of dH, is given by (3.30) and here it is a
vector in the x direction. Thus,

| 1= rixe—a LR )|
mxe wr
NgugiSs?
=-——————BS, (y())Ho (336)
kT
Using (3.9) we find
T
X|1=C/( -'Tc). (3.37)
Bs'(30)

The susceptibility for random orientation of the
internal field with respect to the external field will be
x&=3xu+%x.. As the temperature decreases from 7'y,
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a net magnetization will appear spontaneously and xr
will rise rapidly. The form of x is shown in Fig. 4.

IV. APPLICATION OF OGUCHI'S THEORY

Oguchi® has recently developed a very simple theory
of ferromagnetism and of antiferromagnetism analogous
to the Bethe-Peierls-Weiss (B.P.W.) method. Instead
of treating a central atom and all of its nearest neighbors
exactly as in the B.P.W. scheme, Oguchi deals only
with a single pair of neighboring atoms. It can be
shown that Oguchi’s theory is a special case of the
constant-coupling method of Kasteleijn and van
Kranendonk.' By carrying out this independent anal-
ysis of the problem it will be possible to check the
results of the molecular-field treatment. In particuar,
we wish to know whether a condition can be foulnd
where Tn exceeds T'¢ but in which the free energy at
0°K is lower for the ferromagnetic case than for the
antiferromagnetic case.

We derive here the cluster Hamiltonian for a nearest-
neighbor pair of magnetic atoms, one on each of two
sublattices. The Hamiltonian for the entire system is
taken as the last three terms of (2.3). By using (3.7)
the net spin of the conduction electrons .S, which
appears in (2.3) can be eliminated leading to the result

I Nxe

'—IISAi‘SBj

U"—‘Z (SA;+SBJ) (SA+SB)

2g up?

—I3(SAi'SAj+SBi'SBj) ) (41)

where S4 and Sp represent the average spin per atom
on the indicated sublattice. If the pair of atoms which

GEORGE W.
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comprises our cluster is 47 and Bj, the cluster Hamil-

tonian is

Ha=—1:84:-Spj—Sa:- {KISB+K2SA}
—Sp;-{K:Sa+K,Sp}. (4.2)

The constants K and K are given by

2NXC
K\=I\(Zap— 1)+—
g MB
2Nxc
Ko,= +IsZ 4. (4.3)
2g2n32

The total Hamiltonian (4.1) commutes with the z
component of the total spin. Therefore, the average

value of Saz, Sgz S4y, and Sg, are zero . This reduces
(4.2) to

Ha=—I184:;-Sp;i—S4:{K1Sp.+K2S 42}

—SBi{K1S4.:4+K2Sp:}).  (4.4)

Because of the presence of the last two terms in
(4.4), the square of the total spin of the cluster does not
commute with (4.4). Consequently the eigenvectors of
H, will be linear combinations of the following four
states

Yit=pi(1) 0;(2)a(1)a(2), (4.5)
Y= 0:(1) ¢;(2)B(1)8(2), (4.6)
Y= pi(1) 0;(2)[e(1)B(2)+B(1)a(2)]1/V2, (4.7)
¥o'= ei(1) ;(2)[a(1)B(2)—B(Ma(2)I/NV2.  (4.8)

The secular equation corresponding to this represen-
tation has the form

—2I1+ (a+b)—\ 0 0 0
0 —(a+b)—2 0 0 _
0 0 —i—\  a—b |7® (4.9)
0 0 a—b (7/4)[1—

where the rows and columns are ordered as are the states
in (4.5) through (4.8) and ¢ and b are given by

2a=— (K1S4.4+K:SB.),
b=— (K1SB:+K2sS4z).

The eigenvalues of (4.9) are
1=—3I1—3{K1Sp4+K2S 4.} —3{K1S4.+K2S8:},
A= —11+3{K1SB.A4K2S 4.} +3{K1S 4.+ K2S5.},

(4.10)
(4.11)

N=~+30+30, M=+iN—30, (4.12)
where Q is defined as
Q={I2+ (K1—K3)*(S4.—SB:)*} (4.13)

The cluster partition function Z="Tr ¢ #/*T is given
by

( P, W. Kasteleijn and J. van Kranendonk, Physica 22, 317
1956).

Tr e B/*T = 2eT14%T cosh[ (K 1+ Ks) (Sa.+Sn.)/2kT]
__I_e—I],/ZkT COSh (Q/ZkT) . (4. 14:)

Self-consistency is introduced through the condition
that
S4:=Tr(Sa:,6~#*T)/Tr (e H*T), (4.15)

In order to evaluate the numerator of (4.15), it is
necessary to find the eigenvectors of the 2X2 part of
(4.9). The four eigenvectors of the cluster are

P;=y,
‘I’z=§[/ _1

®;= (Q Il) v+ (Q+ 1) v, (4.16)

Q+II) (Q Il) o,

Py=
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The self-consistency constraint becomes
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sinh[ (K1+K3) (S4.4S52)/2kT ]+ (K1— K1) (Sa.— Sp2)/QJe VT sinh(Q/ (2kT)

= (4.17)
2 cosh[ (K1+K32) (Sa.+S52)/2ET ]+ 2e 11T cosh (Q/2kT)
If the ordering is ferromagnetic, S4,=Sp. and (4.17) reduces to
sinh[ (K1+K2)S4./kT] (4.18)
2 cosh[ (K 1+ K2)Sa,/kT 26~ TV%T cosh(I,/2kT) '
The Curie temperature is found from (4.18) to be the (4.17) reduces to
solution of the following equation .
[(K1+K2)S 4./Qle 11T sinh (Q/2kT)
Ki+K, 4= - . (422)
% — (4.19) 1+e cosh(Q/2kT)
34Nk L.
The Néel temperature is given by
Since I is negative here, T¢=0 is always a solution of s — K431,
(4.19). A necessary condition for a ferromagnetic state ETn=|I,| / 1n( ) (4.23)
is that K1+ K be positive. If this condition is satisfied, —I

there will always be a nonzero solution of (4.19) which
gives the actual Curie point. Using the values for the
various parameters given in (3.12) in (4.19) leads to a
Curie temperature of

kTc=0.68|I4], (4.20)

as compared with 2T¢=0.75|I;| as determined by the
molecular-field treatment.

The limit of S4. as T approaches zero for the ferro-
magnetic case is found from (4.18) to be

1 1

- . (4.21)
2U+-exp[— (Ki+K2)S4.—I1/kT]

If (K1+K>)S4. is greater than ||, the limiting value
is 3. Otherwise it is zero. Therefore, we have the condi-
tion that (K;+K3) be greater than 2|I;| in order that
Oguchi’s method give a ferromagnetic state at 0°K.

If the ordering is antiferromagnetic, S4,=—S5. and

|
|
|
I
|
|
|
|
TN

FiG. 4. Sketch of the susceptibility for random orientation of
the internal fields with respect to an external magnetic field.

or equivalently as

11(Zap+2)—13Z 44
FTw=|T4 /m( ) (4.24)
I(Zag—2)—13Z 44

Substituting from (3.12), we find that 2Txy=1.33|1,|
as compared with |7;| as determined from the molecu-
lar-field method.

As T approaches 0°K the limiting value of S4, for
the antiferromagnetic case is

(Ki— Ko =17t
sum| =]

4.25
4(K,—K»)* (429

Although there is no antiCurie point, SA, does not
reach % at 0°K.

Our purpose in discussing Oguchi’s theory is to
compare it with the molecular-field results. The transi-
tion temperatures for the ferromagnetic and antiferro-
magnetic cases agree quite well for the specific example
chosen here. It remains to find out whether Oguchi’s
formulation also leads to the possibility of an antiferro-
magnetic-ferromagnetic transition. The summations in
the total effective Hamiltonian (4.1) can be carried out
approximately to give

U={—NI1Z4p/2—Ixc¢N*/28%u5°}S4-Sp
—{IxcN*/4g%up*+NIsZ 44/2}
X (S4-Sa+S5-Sp), (4.26)
where 4 4 and S are the average spins per atom on the

A and B sublattices. The condition that the ferromag-
netic state be stable at 0°K is given from (4.26) as

IxcN

IZ a5+ >0. (4.27)

g2 mn B2

Unfortunately the complexity of the expressions for the
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Curie point (4.19) and the Néel temperature (4.23) do
not lead to a simple expression for the requirement that
Tw exceed T'¢. However, for the example chosen here
(4.27) is 5|I;| so that the ferromagnetic state lies
lowest at 0°K and it has already been found that
Tnx>T¢. Therefore, Oguchi’s method also admits the
possibility of a magnetic transition.

It remains to be determined whether Oguchi’s
method allows a transition in the reverse order where
the stable phase at 0°K is antiferromagnetic and with
T¢>Ty. For this to occur, (4.27) is replaced by

I1Z ap+1*>xcN/gup*<O0.

However, in order that 27¢ be positive, we have from
(4.19) that K14 K, exceed zero. This becomes on sub-
stitution

II(ZAB“1)+122XCA7/g#B2+13ZAA>0- (429)

First let 73=0. Then the largest possible value of 27¢
is $(K+K,) as can be seen from (4.19), since I, is
negative. The largest value of K+ K, consistent with
(4.28) is |1:]. Thus,

(4.28)

(kTC) max=’}= [ Ill . (4:.30)
With 7;=:0, 2Ty becomes
Zap+2
k= |11|/1n( ) (4.31)
ZAB—Z

In order that T¢> Ty, it must be that In[ (Z45+2)/
(Zap—2)]>4. Except for the case of Z4p=2, which
is not ordinarily realized, we see that for I3 zero T¢
will never exceed 75y with (4.28) holding at the same
time.

If I; is positive, it can be seen from (4.24) that the
minimum value of 2Ty occurs for 73=0. But it has
already been established that for 73=0 the minimum
T cannot be less than the maximum value of T¢ in
view of (4.28). Therefore, under these conditions the
desired magnetic transition cannot occur.

If I, is negative, |I3Z44| must be less than |I;] in
order that T'¢ be positive. The largest possible value of
kT ¢ is given by (4.30). For Z4p>4, the smallest pos-
sible value of 2Ty is | I1| /In5. Therefore, for I3 negative
and Z,p>4, the reverse transition is impossible. If
Zap=3, kTy goes to zero when |I3Z44|=|I:|. How-
ever, T¢ also goes to zero at that point and can readily
be shown to be less than k7w for 0<|IsZa4| <|I1].

Thus Oguchi’s method does permit a transition from
the antiferromagnetic state to the ferromagnetic state
with decreasing temperature but, in agreement with
the molecular-field theory, does not allow a transition
from ferromagnetic to antiferromagnetic order with
decreasing temperature. This result is in accord with
the behavior of all antiferromagnetic-ferromagnetic
transitions observed so far.

Finally, we compare the susceptibility as found by the
Oguchi method with that from the molecular-field

PRATT, JR.
theory. This is done in the immediate neighborhood of
the Néel temperature where the spontaneous moment
of the system can be neglected. Since the parallel and
perpendicular susceptibilities are equal at T, only x,,
is derived below.

Let the external field Hy be in the direction of the
magnetization of the 4 sublattice which is taken along
the positive z axis here. The cluster Hamiltonian in the
presence of H, is

Ha=—184:Spj—Su4i:{K1Sp:A4KoS4.— gupHo}
—SBj{K1Sa:+KoSp.—gupHo}. (4.32)

The energy levels (4.13) are modified in that the term
gupH, is subtracted from A; and added to A\, with A3
and As unchanged. Itisreadily found that Tr(S 4;,6~#/*T)
is

Tr(S 4.6 H/*T)
= 611/4kT|:Sinh ( (K1+K5) (SastSp)— ZgMBHo)
28T

—I1/2kT —_— —
+e VT (K1 — K5) (S4:—SBz) sinh(g)].
2T

Q
(4.33)

If one takes S4,=S4,94+654. and Sp,=Sp.,©—4S,,
the self-consistency condition (4.15) in the presence of
H o becomes

QUK 1—K2)S4,V¢ V5T sinh (Q/2kT)
14 TV2T cosh(Q/2kT)

[(K1+K2)8S.— gupHo/kT

242617 cosh(Q/2kT)

From (4.22) we see that the first term of (4.34) is just
S4.®. Thus,

S48~

(4.34)

(K1+K2)5Sz_g#BHo

= . (4.35)
kT[242¢T1%T cosh (Q/2kT) ]
The parallel susceptibility is found to be
Ng'ug?
X1t (4.36)

—kT(3+e_“/kT)—-ch(3+e_I‘/’°T")’

where Q has been taken as I since S 4, is small near Ty.
Comparing (4.36) at Ty with (3.37) or (3.41) at T,
we find

XII(TN)Oguchi=O-538 xi(Tw)m 7.

Apparently this large difference comes from the ex-
ponential dependence of x;; in (4.37) on T'y and T,
and from the differences in the transition temperatures
as found by the two methods.

V. RESULTS AND CONCLUSIONS

Both the molecular-field theory and Oguchi’s theory
as applied to the particular example discussed here lead
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to an antiferromagnetic-ferromagnetic transition. The
two approaches only allow the possibility of going from
the antiferromagnetic state to the ferromagnetic state
with decreasing temperature. Furthermore, we have
seen from the molecular-field theory that the magnetic
transition is of second order.

One cannot write down directly the free energy for
the entire system from Oguchi’s theory which deals
only with a pair of neighboring atoms. However, con-
nection can be made between the properties of the pair
and those of the crystal by use of the formalism de-
veloped by Kasteleijn and van Kranendonk in their
constant-coupling method.! In fact, it is readily shown
that Oguchi’s cluster Hamiltonian for a neighboring
pair given in Eq. (2.2) of his paper is identical with the
effective Hamiltonian for a neighboring pair given in
Eq. (19) of reference 10 since A3 is (Z—1)JS/up as it
is shown there to be in the limit of high temperatures.
Oguchi’s cluster Hamiltonian for the antiferromagnetic
case can also be shown to be the same as the pair
Hamiltonian of the constant-coupling method given by
Eq. (24) of reference 8 in the high-temperature limit.
The work of Kasteleijn and van Kranendonk appears
to be the proper generalization of Oguchi’s theory.

It is of interest to have a physical picture of the
mechanism underlying the antiferromagnetic-ferromag-
netic transition. Therefore, consider the 4 set of atoms.
The agency which produces their net magnetization
in the molecular-field theory is H4. The temperature
to which the system must be raised in order to destroy
M 4 is seen from (3.21) and (3.24) to be

C|HA(T=0)|
Teo=———

¢ (5.1)
NgupSo

If the free energy of the system at 0°K were for both

the antiferromagnetic and ferromagnetic cases

F(IT'=0)=—3Hs Ms+Hz -Mp), (5.2)

as it ordinarily is, then using (5.1) and taking M 4=Mp
=1(NgupSo) at 0°K, one finds

3NS
F(T=0)=——FT¢.
2(So+1)

This shows that if (5.2) holds for all types of ordering,
that ordering with the highest transition temperature
T¢ is stable at 0°K with respect to any other type. This
result has been obtained in a somewhat different
manner for So=% by Smart."*

The reason why this prohibition of magnetic transi-
tions does not apply in the present case is that (5.2)
does not hold for both the ferromagnetic and antiferro-
magnetic cases. The direct-exchange interaction of the
paramagnetic atoms with the conduction electrons

(5.3)

11 J. S. Smart, Revs. Modern Phys. 25, 327 (1953).
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contributes a term to F(7'=0) which is seen from (2.3)
to be

—ZAi ZB]‘ I2(SA1+SBj) . Se.
S.=2:8, (5.5)

the sum over ¢ going over all of the conduction electrons.
From (3.5) and (3.7) we have that S, is directly propor-
tional to M4+Mjp. This result is also derived on the
basis of the Hartree-Fock equations in I. Thus, S, is
zero in the antiferromagnetic case and (5.2) does
represent the situation. However, in the ferromagnetic
case S50 and (5.4) must be added to the free energy.
Hence (5.2) does not describe both types of ordering
here and (5.3) is consequently invalid. Thus, even
though H4(T=0) or equivalently T¢ is greater for the
antiferromagnetic case, the interaction with the con-
duction electrons can make the ferromagnetic state
that of lowest free energy.

The fact that a magnetic transition would be impos-
sible without the exchange coupling with the conduction
electrons and that their inclusion leads to a long-range
interaction of the spins is strong support for the claim
that the theory developed here and in I does apply to
the rare earths where magnetic transitions have been
observed in dysprosium!? and erbium.!* Furthermore,
these transitions are in the order predicted here. It can
be argued correctly that temperature-dependent mo-
lecular-field constants could lead to a magnetic transi-
tion. However, this does not answer the question as to
the source of the long-range spin coupling necessary in
the rare earths. The treatment given in this paper
would have to be modified in order to apply it properly
to the rare earths by making allowance for the orbital
contribution to the magnetic moment and for the
effects of anisotropy.

An interesting comparison between the theory given
here and in I and with experiment can be made in the
case of dilute alloys of Mn in Cu. A comprehensive
investigation of the magnetic properties of this alloy
is reported in two papers.’*!® Of particular interest here
are the results of reference 15. Alloys of 1.4 and 5.6
atomic percent Mn were investigated at low tempera-
tures for ferromagnetism. In both alloys a small spon-
taneous magnetization was observed at 4°K which
decreased rapidly on heating and vanished at the anti-
ferromagnetic transition temperature. According to the
results of Secs. IIT and IV this is precisely what would
be expected of a material which undergoes an antifer-
romagnetic-ferromagnetic transition.

Owen et al® carried out electron spin resonance
measurements on the alloys and interpreted the results
as indicating that the strength of the s-d direct exchange

(5.4)
Here

12 Elliott, Legvold, and Spedding, Phys. Rev. 94, 1143 (1954).
13 Elliott, Legvold, and Spedding, Phys. Rev. 100, 1595 (1955).
( 1 O)wen, Browne, Knight, and Kittel, Phys. Rev. 102, 1501
1956).
( 15 %wen, Browne, Arp, and Kip, J. Phys. Chem. Solids 2, 85
1957).
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coupling, measured by 7 defined in (3.2), was 1/10 to
1/20 of that expected from the free-ion value. Although
an entirely different molecular-field treatment was used
in reference 14, it led to a similar sharply reduced value
of 7.

In order that the results obtained here and in I
describe the antiferromagnetic and ferromagnetic
properties found in reference 15, it is necessary to
assume that the strength of the direct s-d coupling is
comparable to that of the antiferromagnetic coupling.
In particular, from Eq. (88) of I, the condition for an
antiferromagnetic-ferromagnetic transition is

x> A>nxe. (5.6)

In the opinion of the writer the experimental results
obtained in references 14 and 15 can be explained
without assuming a very weak direct-exchange coupling
and that (5.6) may be satisfied. If the Mn goes into the
alloy as an Mn** ion, it presents an extra positive charge
to the conduction electrons. The induced screening
charge is made up of conduction electrons of both spins.
Those of spin parallel to the Mn*+-ion spin are favored
by an exchange interaction while those of opposite spin
have the exclusive ability to spend part of their time
trapped on the Mn ion. This latter possibility is
embodied in the superexchange interaction. The net
result of these two effects can be that the net spin of
the screening charge will be very small. It was concluded
in I that a very small value of n may have been found
in reference 14 as a result of not including the super-
exchange interaction in the theory given there.

As indicated above, the interpretation of the electron
spin resonance results in reference 15 indicated a small
value of 5. If one assumes that the model on which this
conclusion is based is essentially correct, it seems that
a legitimate objection can be raised concerning the
treatment of the s-d coupling. If the alloy were in the
antiferromagnetic state, then according to (3.7), M, is
zero. Thus, the first-order theory would imply that
the conduction electrons play no role in the antiferro-
magnetic state.l® This cancellation would not be
complete in a higher order theory and one would be
led to a molecular field due to the conduction electrons
acting on-a Mn ion, say in the 4 set, of the form

(no*—n*)xMo, (5.7)

where 7o is related to the exchange coupling of con-
duction electrons interacting more strongly with the 4
set than the B set, and 7 is related to the exchange
interaction with this atom in the 4 set of conduction
electrons interacting more strongly with the B set. In
reference 15 # was neglected as compared with 7o and
on comparing the results with experiment a small value
of 7o resulted. According to the picture developed in
Sec. III, the fact that Tx and T¢ are not widely

16 The appearance of a contribution from direct exchange in the

expression for the Néel temperature, Eq. (7) of reference 15, is
incorrect.
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different in the CuMn alloys and in particular that an
antiferromagnetic-ferromagnetic transition appears to
take place, leads to the conclusion that the screening
charge is made up nearly equally of conduction electrons
of each spin. This means that n¢* and #? in (5.7) must
be nearly equal. If one assumes that the resonance
theory of reference 15 isvalid, it is the difference between
no and # which is measured. A small value of this
quantity is consistent with the theory given here.
Furthermore, it is consistent with the small electronic
g shift found in the electron spin resonance of these
alloys for T>>Tw.
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Note added in proof —Yosida!” has raised an important point
concerning the treatment given here. Our results are based on the
Hamiltonian (2.3) which is derived from Kramers’ method for
solving the spin degeneracy problem arising from all possible spin
assignments to a fixed set of orbitals. Hence in this theory there
are as many singly occupied Bloch functions in the conduction
band in the antiferromagnetic case where M, is zero as in the
ferromagnetic case where M, is not zero. Thus the conduction
electron kinetic energy is unnecessarily high for antiferromagnetic
ordering of the 4 and B sets. Yosida suggests that this situation
be remedied by adding the conduction electron kinetic energy to
the Hamiltonian as M 2/2x.. To discuss the antiferromagnetic
case we would use a ground configuration in Kramers’ method
with no singly occupied levels in the conduction band. In the
ferromagnetic case we would use a ground configuration with
M./gup unpaired spins where M, is determined by setting the
variation of (2.3) plus M 2/2x. with respect to M, equal to zero.
However, in addition to this suggestion one must include the
dependence of the number of excited states #,, which can couple
two states ¢; and ¢; in the ground set, on the number of singly
occupied Bloch functions in the conduction band. In general this
dependence can be expressed by expanding I; and I; of (2.3) in
power series in M, the first terms of which must go as the square
of M,. Hence the Hamiltonian to be used for the molecular field
case becomes in place of (3.1)

(To4T:M )

H=(Ae+AMHM4-Mp+ 2 M4 -M4+Mp-Mp)

M2
2x. ’
The molecular fields acting on the 4 and B sets are still given
by (3.3) and (3.4), respectively, but M, is found by setting
dH /M, equal to zero instead of from (3.7). One finds that T¢

and Ty are unaltered from (3.9) and (3.18) but that the condition
for the antiferromagnetic-ferromagnetic transition becomes

n*xe>Ao(1+K) >n?x.(1+K)

-7 (MA+MB) * Mc+

where K is
N2g2up252(414-T)
-

This can only hold if 4,+T is negative and it becomes the same
condition as that found by the unmodified theory if K is —3.
A magnetic transition is possible here only because the strength
of the superexchange coupling changes with the conduction elec-
tron magnetization. The qualitative nature of the transition as
given by the generalized theory is the same as that described in
Secs. IIT and IV.

17 K. Yosida (private communication).



