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The effect of the magnetic transition on the optical-absorption edge has been studied for three

antiferromagnetic crystals, MnO, a-MnS, and CoO. MnO shows a red shift, whereas a-MnS and CoO
show a blue shift. The observations can be satisfactorily explained by a model which attributes the

absorption edge to electron transitions from the magnetic ions to the conduction band. In the process,
the electrons are localized around the ions excited. The lattice distortion and the changes in magnetic
interactions are both significant for the effect.

I. INTRODUCTION

The effect of the magnetic transition on the op-
tical-absorption edge has been studied previously
for two antiferromagnetic crystals. Both NaCrSz
(Ref. 1) and EuTe (Ref. 2) showed a shift to higher
energy, blue shift, as the temperature was de-
creased below the Nedl temperature T„. The ab-
sorption edge in NaCrSz was attributed to transi-
tions from the valence band to a localized energy
level of the magnetic ions. In the case of EuTe,
the observed edge was assumed to be associated
with valence-band-conduction-band transitions.
The effect of the ferromagnetic transition has been
studied in seven crystals. For the Eu chalcogen-
ides ' EuO, EuS, and EuSe and the chromium
chalcogenide spinels CdCr&Se4, HgCr284,

' and
HgCr~Se4, ' the edge shifted to a lower energy, red
shift, when the temperature was decreased below
the Curie temperature T~. The absorption edge
was attributed to valence-band- conduction-band
transitions; transitions between localized energy
levels of two neighboring magnetic ions was also
considered for EuSe. A blue shift was observed
in the ferromagnetic spinel CdCr~S„ the absorp-
tion edge was attributed to valence-band-conduc-
tion-band transitions. However, magneto-optic
Kerr-effect studies~ indicated that the edge asso-
ciated with such transitions has actually a red shift
and that the observed edge with blue shift is asso-
ciated with an excitation band of magnetic ions
which narrows with decreasing temperature. The
edge shift in the ferromagnetic crystals has been
variously interpreted as a lowering of the conduc-
tion band due to the exchange interaction with mag-
netic ions, ' a change of energy separation between
the conduction band and valence band as a result
of lattice deformation produced by magneto-elastic
coupling, and a change of the excitation energy of
a magnetic ion due to the spin ordering of neigh-
boring ions. 3

We have studied the effect of magnetic transition

on the optical-absorption edge for three fcc anti-
ferromagnetic crystals, MnO, a-MnS, and CoO.
MnO is found to show a red shift, whereas a blue
shift is observed in Q. -MnS and CoO. On the basis
of reflection spectra measurements, Powell and
Spicer" suggested that the absorption edge of CoO
may be associated with transitions from a localized
state of the magnetic ions to the conduction band
or transitions from the valence band to the mag-
netic ions. By considering the available data for
various magnetic crystals, Adler and Feinleib"
suggested that localized-state-conduction-band
transitions are responsible for the absorption
edges in MnO and CoO. For n-MnS, Huffman and
Wild' interpreted the observed absorption edge
as valence -band-localized- state transitions. The
shifts observed in our measurements provide in-
formation about the nature of transitions giving the
observed edge and the mechanisms causing the
edge shift.

II. EXPERIMENTAL RESULTS

Single crystals of MnO and CoO used in this work
were cut from flame-fusion-grown Boules. ~3 Sin-
gle crystals of o-MnS were grown in our laboratory
by the chemical-transport method with iodine as
the carrier. " Specimens with a thickness of -10
p, were used. The spectra were measured with an
E-1 monochromator. Various filters were used to
eliminate scattered light of long wavelengths. The
detection system consisted of an S-5 response, RCA
1P28 photomuliplier, and a phase-sensitive am-
plifier.

Absorption bands observed in these crystals on
the long-wavelength side of the sharply rising
strong absorption have been interpreted as the ex-
citation of d electrons localized around magnetic
ions. ' The valence band is derived mainly from
2P orbitals of halogen ions and is filled with 2P
electrons and 4s electrons of magnetic ions. The
conduction band is derived largely from 4s orbitals
of magnetic ions. Band calculations 7'~8 and vari-
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in the antiferromagnetic phase. Our measurements
did not reveal any dependence of the absorption
edge on the polarization of radiation. Figures 1-3
show the absorption spectra of the three crystals
for a few temperatures. An arrow indicates the
absorption level which corresponds to the photon
energy denoted by hv~ and referred to as the ab-
sorption edge. The temperature variations of ab-
sorption edge for the three materials are shown
in Fig. 4. The curve for MnO shows that the mag-
netic ordering produces a red shift which occurs
near T„=116'K, whereas the curve for a-MnS
shows clearly a blue shift near T„=160'K. For
CoO, there is also a blue shift indicated by a change
of slope near T~-292 'K. The dashed curve for
MnO is obtained by extrapolating the data for T
&200 'K according to a T variation. Such a tem-
perature dependence is characteristic of normal
semiconductors~~ at temperatures below the Debye
temperature, -510 'K for MnO. The difference
between the extrapolation and the measured curve
represents the effect of magnetic ordering. It
should be noted that the dashed curve involves the
effect of experimental uncertainty of the data used
for extrapolation. The Debye temperature of
a-MnS is in the range (200-300) 'K. The extrapola-

FIG. 1. Absorption coefficient vs wave number of
radiation for MnO at three temperatures. Some error
bars are shown for points with significant experimental
uncertainty. The experimental uncertainty becomes very
small with decreasing absorption. The level of absorp-
tion assumed to correspond to hv~ is indicated by an arrow

IO 000— 298'K

ous experimental studies indicate that the energy
gap between the two bands in these crystals is
&5 eV, which is much higher than the photon energy
of the sharply rising strong absorption. The M ~

level of magnetic ions is estimated to be much
higher than the normal levels 3d" of magnetic ions
in MnO (Ref. 19) and CoO. u'~9 The 3d" levels lie
above the valence band in the two crystals as well
as in O.-Mns. ' Electron transitions between two
magnetic ions and transitions from the valence
band to magnetic ions occur at photon energies
much higher than the observed threshold of strong
absorption. These considerations lead to the con-
clusion that the observed absorption edge in MnO
and CoO is associated with electron transitions
from magnetic ions to the conduction band. It
seems reasonable that this conclusion applies also
to O. -MnS although contradictory evidence has been
reported~~ regarding the energy of 3d" levels rela-
tive to the valence band.

The magnetic transition in these crystals is ac-
companied by a crystallographic phase transition.
From a cubic structure in the paramagnetic phase,
MnO and o-MnS transform to a trigonal structure,
whereas CoO transforms to a tetragonal structure
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FIG. 2. Absorption coefficient vs wave number of
radiation for Of-MnS at three temperatures. Some error
bars are shown for points with significant experimental
uncertainty. The experimental uncertainty becomes very
small with decreasing absorption. The level of absorp-
tion assumed to correspond to hv~ is indicated by an arrow.
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TABLE I. Experimentally obtained b,hv~ and theoretically
calculated hg&)& are given in. the first two rows. Theo-
retically calculated effect [h(Ei)8+6(E2)D] of crystallo-
graphic distortion and the required effect 6(E2)z of mag-
netic interaction of the excited electron are given for the
free-electron and localized-electron models.
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minum produces a volume dil.atation

hV/V= (1 —2o)(b,l/l)

and a trigonal distortion
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where 0 is the Poisson ratio and 6 is the angle be-
tween an axis of the trigonal cell and the corre-

FIG. 3. Absorption coefficient vs wave number of ra-
diation for CoO at three temperatures. Some error bars
are shown for points with significant experimental un-
certainty. The experimental uncertainty becomes very
small with decreasing absorption. The level of absorp-
tion assumed to correspond to hv~ is indicated by an ar-
row.
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tion is made to be linear down to 100 K, followed
by a T dependence at lower temperatures. The
extrapolation in this case is less reliable since the
range of extrapolation is larger due to the higher
transition temperature. The extrapolation for CoO
should be regarded as having the largest uncer-
taintlj'. The approximate values of bhvr = hvr(0 'K)
—hv, (T» T„) are listed in Table l.

In order to investigate the effect of crystallog-
graphic distortion, measurements were made for
the paramagnetic phase of MnO with applied uni-
lateral strain. The sample had its length along a
(111)direction and it was cemented to a piece of
aluminum at the two ends. The sample experienced
a uniaxial extension as the temperature was raised.
The strain is similar to the distortion associated
with magnetic transition, except for that a contrac-
tion along a (ill) direction is involved in the tran-
sition. The absorption was measured with radia-
tion polarized parallel or transverse to the (111)
direction. Curves of hv~ as a, function of tempera-
ture were obtained before and after the sample was
cemented to the metal support. The results are
plotted in Fig. 5. A strain hl/I due to the differ-
ence in thermal expansion between MnO and alu-
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FIG. 4. Absorption edge hv~ as a function of tempera-
ture for MnO, n-MnS, and CoO is shown by the solid
curves. The dashed curve in each case shows the ex-
trapolation of hv~ from temperatures above the Neel tem-
perature Tz. The maximum uncertainty in. hv~ is + 25
cm ', being smaller for the points at higher temperature.
The uncertainty is progressively smaller in the order
MnO, 0. -MnS, and CoO as the absorption edge is steeper
in that order.
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FIG. 5. Absorption. edge hv~ of Mno as a function of
temperature in the paramagnetic phase. The thin sample
had (110) interfaces. The data points 0 were obtained
with the sample free to expand. The data points X and
6 were obtained with the sample cemented at the two
ends. The points)C and D are for radiation polarized
parallel to [111)and [112], respectively.

sponding cubic axis. The estimated values of
&V/V and 5 are indicated on the horizontal axis
of Fig. 5.

III. THEORY

We have to consider the states of the Mn and Co
ions in the paramagnetic and antiferromagnetic
phases of the crystal. The spin-orbit interaction
of the electrons will be neglected as is usually done.

Co" ion. Consider a free ion in the zero-order
approximation where the electrostatic interaction

The photon energy at the absorption edge may be
considered to consist of an energy change E, of the
magnetic ion and the energy E~ of the carrier pro-
duced. The effect of magnetic transition on the ab-
sorption edge is &hv, = ~E, + 4E2. Each of the two
quantities @ED and &Ez maybe separated into the ef-
fect of crystallographic distortion ~ED and the ef-
fect of magnetic interaction &E„. We shall consider
first the energy of a magnetic ion.

A. Magnetic ion

J. Effect of crystallographic distortion

where the representation in the cubic symmetry
group and the representation in the tetragonal sym-
metry group are indicated consecutively in the
bracket following the notation. For the ion with
seven 3d electrons and S = —,', there are 40 degen-
erate states. In terms of representations of the
cubic-symmetry group, these states may be divided
into four groups, of which two have T&~, one has
A2~, and one has T2~ representation. '

Consider now Co" in cubic CoO. The cubic crys-
talline field splits the energy for the five electronic
wave functions (2) into two levels «(tz~) and «(e~).
The crystalline field together with the electrostatic
interaction among the 3d electrons splits the de-
generacy of the four groups of ion states. Accord-
ing to Pratt and Coelho, " the ground state has a
three-dimensional T,~ representation with fourfold
spin degeneracy. Using the wave function given by
Pratt and Coelho, "we calculate the ground-state
energy to be

E( T~g} =4. 94«(t~g)+2. 06«(e~)+2L4+14C —40. 9B,
(&)

where the last three terms with the Racah constants
A, B, and C represent the effect of mutual repul-
sion of the electrons.

The crystalline field in the antiferromagnetic
phase of CoO has tetragonal symmetry D4„. Treat-
ing the effect of change in crystalline field from
that of the cubic phase as perturbation, we find the
'T, state to be split into A~~ and E, with the ener-
gies

E ( A2g) —E ( T~g) = —1.64D, + 3.08D,

+ (7D, —0. 746,) (4V/ V), (4a)

and

E( E~) E( T~~) = 0. 82D, —-1.55D,

+ (7D —0. 746„)(n V/V) . (4b)

The first two terms with parameters ' D, and D,
represent the effect of symmetry distortion and the
term with AV/V represents the effect of dilatation.
D~ pertains to —,'[«(a~ )+ «(a2~}+ «(b2 )+2«{e )], while
4~ pertains to [«(e~) —«(fz~)]. In the cubic phase,
there are excited states T„and 'T2, and the ground
state is 'T«. Each 'T,~ and the 'A2, are split when
the crystal becomes tetragonal. Consequently, ab-
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sorption peaks corresponding to ('T„-'T&,) and
{'T«- Tz,) transitions are each split. The splitting
can be shown to be (- 5. 45D, +0. 87D,) for ( T«

T~ ) and (-8.75D, ) for (~T, T—z ). From ex-
perimentally determined splittings of 530 cm ' for
('T„-~T, ) and 1080 cm ' for ('T„- 'Tz, )", we get
D, = —117 cm ' and D, = —123 cm '. Using these
values, we see that the A2~ state has lower energy
than the E, state in tetragonal phase.

Co"' ion. Since ~$ = 0 for an optical transition,
the excitation of a Co" with S = -,' may lead to a Co"'
with S=-,'+& depending upon the spin of the excited
electron. According to Griffith, 2' the lowest en-
ergy for an ion of d configuration is

in case S =1,

The energy can be shown to be

E( Agz)gp —E( A«)I g = 5'(trav/V), (9)

E('E,) =3e'(t„)+e'(e, ) +6A 21B . (10)

The state 'E~ corresponds to the P~~e~ configuration.
The state is not split by the crystalline distortion
of the antiferromagnetic phase, having the F rep-
resentation of the D3„group, with an energy

where Dz(hv/V) represents the shift of —,'[3&(tzz)
+ 2e(e,)] due to volume contraction associated with
distortion.

Mn'" ion. Mn"' resulting from optical excitation
of a Mn" ion with S = —,

' has a spin S =2 with a lowest
energy '

E( T«) = 5e(tz~)+ e(e~)+ 15A —30B+12C,

in case S=2, (5}

E('E,)„,—E('E,),„
= {4D,—o. e~,)~v/v.

E{'Tz&)=4e(tz, )+2&(e,)+15A —35B+'fC .

The Tfg state corresponds to the t2 e configura-
tion and the 'T2, state corresponds to the t2, e, con-
figuration. The difference of the two orbital ener-
gies [e(e,) —e(tz~)] is 9420 cm ' for Co" in CoO.
The value appropriate for an excited Co"' may be
somewhat different but it is clear that 'Ta~ is the
state of lower energy in view of 8=1065 cm and
C=5120 cm

For the antiferromagnetic phase, a treatment
analogous to that used in the previous case gives

E ( E~) —E ( Tzz) = —D, + 1.67D,

+ {6D,—O. 4~,)(~V/V), (ea)

E(Azz) —E( Tzz) = 2D, —3. 33D,

We get by subtracting (9) from (11),

&{E,), = - (D, + 0.er, )~V/V

Dr v/v—

Z. Effect of magnetic interaction

(12)

The exchange interaction between a magnetic
ion and its neighbors contributes to ~E,. The ef-
fect has been considered for the ferromagnetic
EuSe (Ref. 3} and antiferromagnetic NaCrsz. ' We
are interested in magnetic ions with an unfilled 3d
shell. All electrons have spins along the direction
of the ion spin and only the electrons with unpaired
spins are involved in the interaction. The interac-
tion of a magnetic ion with the next-nearest mag-
netic neighbors involves 180' superexchange and
can be written

+ (6D~ —0. 4&„}(&v/V) (6b}

for the two states split from the 'T~, state of the
cubic phase. Kith the values of D, and D, given be-
fore, we see that E('E,) &E('Az, ). Combining (6a)
and (4a) we get the effect of lattice distortion on the
change of ion energy involved in an optical transi-
tion: iz j(m)

erjz j(m)

2P g Z, ..., &s, s,.)
m izi(m)

2g (s s).
4$$

(13)

&(E~)n = 0.64D, —1.4D,

—(D, —O. 34~,)(n V/V)

=0.64D, —1.41D, —D(&v/V) .
Mn" ion. The ground state of Mn" in MnO is

A&„"which is associated with t~, e, in zeroth or-
der. The energy of the ground state is '

E( A~ ) =3e(tzz)+2e(e )+10A —35B .
The crystalline field in the antiferromagnetic phase
of MnO has a trigonal Ds„symmetry group. The
ground state does not split under trigonal distor-
tion, having the A~~ representation of the D„group.

where m is an index of the neighbor, i is an index
for orbitals with unpaired electrons of the ion and
j(m) is that for the mth neighbor, J is the exchange
integral, and s and S are, respectively, electron
spin and ion spin. Since the time average or cor-
relation function (8 ~ S)„is independent of m for
next nearest neighbors we can write the interac-
tion as

2(s.s )g g i ~ 9(m) (14)
m j i(m) m

Sa is the spin of a next nearest magnetic neighbor.
In a treatment of 180' superexchange in MnFz,
only e orbitals were considered. ~ We shall adopt
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this approximation. With all the neighbors in the
ground state, it can be shown that for the next
nearest neighbors

4SS
'

z~ is the number of neighbors. ~, is the number
of unpaired electrons in the e~ orbitals involved
in the ion state. For Co", two zeroth-order wave
functions are involved and &, is weighted accord-
ingly:

4, = 2 x 0. 97 + 1 x 0. 25 = 1.94.

The interaction with nearest magnetic neighbors
consists of 90' superexchange. In the antiferro-
magnetic phase, there are six neighbors on a plane
passing through a magnetic ion, which has ions of
similarly oriented (+) spina. The other six neigh-
bors are on the two adjacent planes which contain
ions of opposite spine (-). It ha.s been shown
that interactions between e orbitals and t orbitals
are most important for 90 superexchange. We
get analogously as for the above case that the in-
teraction with nearest neighbors is

J1,z1(s S1,)+J1 z1(s'81 ),
where

and the contribution of nearest neighbors to (E,)„
can be obviously expected to be small.

B. Excited carrier

Effect of crystallographic distortion

Lattice distortion associated with magnetic tran-
sition may affect the energy of the excited elec-
tron. We express the contribution to the effect
of magnetic transition by two parameters D„and
Dq.'

n(z, ),=D„(nv/v)+D, (,
where D„represents the effect of volume change
and D, represents the effect of symmetry distor-
tion 5 which may give through splitting additional
change of the lowest energy. For a band edge at
k=0, a symmetry distortion has no first-order ef-
fect for a conduction electron near the band edge.
The effect of the symmetry distortion may be sig-
nificant for a conduction electron which becomes
localized.

2. Effect of magnetic interaction

Free electron. The exchange interaction of con-
duction electrons and magnetic ions has been
treated by Rys et a/. For temperatures much
above the transition temperature, the expression
given for the energy shift of the conduction band is

[&e{k)]r»r,=

a,{a,), + a,(n, ),
S (16)

n, ,(n.,), + n, (n, ),
where 4,' and 4,' refer to the ion after optical exci-
tation. We shall use the approximation J„-J,
and neglect small variations of J, and J'3 with phase
transition. The effect

n (+1)28 ( 1))2( ( 1)z

is due to differences in the spin-correlation func-
tions of the two phases. In the antiferromagnetic
phase, (S ~ S,Q and (S S, ) have opposite signs,

z being the number of neighbors. Similar to &„
~, refers to t orbitals. The subscript 1 is used
to indicate nearest magnetic neighbors. J~, are
for the two groups of ions which have different sep-
arations from the central ion.

The contribution of the superexchange to E, is

(8,)„=—2 Z(8 8) ' —1}

+z,[J„(s s„&+J, (s s, )]

g I J(k, k —(l) I'
, e(k) —e(k-(l) (2o)

in second order. The interaction has no effect in
first order. The second-order effect consists of
two parts, static interaction in which the spin sys-
tem remains unchanged and dynamic interaction
involving excitations of the spin system in the in-
termediate state of second-order perturbation.
Let n, 'z(k) and 4, z(k) be, respectively, the second-
order shifts of the energy level z(k) in the conduc-
tion band due to the two interactions. For temper-
atures below the transition temperature, n~" e(k)
just compensates a part of the first-order shift
n'z(k), in ferromagnets. For antiferromagnets,
there is no first-order shift. The expression

[n,"z(k)]„„„

[n22 (k)]
s g IJ{k,k-q)l'

d T~Tp

$8 Q IJ(k, k-Q —D}l
4 a z(k) - z(k -Q - D)

is given for type-2 antiferromagnets. For T «T„,
IS,t-S. We add the effect of dynamic interaction:
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n ;+1
x (u;+ v;)'x

e (k) —f (k+ g) —A&d g

n

a te — (k —e ~ If; ) (22)

In the above expressions, g is a reciprocal-lattice
vector in the paramagnetic phase, D = (w/a) (1,1, 1)
is normal to the set of planes of similarly oriented
magnetic ions, N is the number of magnetic ions
in the crystal, S is the spin of a magnetic ion,
8&; is the energy of a magnon with wave vector q,
n~ is the occupancy quantum number of the magnon,
+u; is the change of z component of total spin of
one sublattice, vv; is the change of the other sub-
lattice to an excited magnon, and J is the exchange
integral between a conduction electron and a mag-
netic ion.

The edge of the conduction band in these crystals
l

is at k=0. ' Taking e{k)=h I| /2m*, we have
h&u;«} e(k) —e(k —q) } at k=0; therefore we neglect
8'g; in {22). The notation J;=Z(k, k —q) will be
used. Theoretical calculations~' show that ) J;(~
decreases rapidly with increasing )q t outside of
the first Brillouin zone, for s-type conduction
electrons and for f electrons of a magnetic ion.
The assumption J~ =J, for

~= I&ol
'

J„ l&;I'd~

and J;=0 for larger q has been used by Rys et al.
We shall take J;=Jo inside the first Brillouin zone
and J;=0 outside, for the paramagnetic phase. For
the antiferromagnetic phase, J;=Jo is taken for
the first two zones which correspond to the first
zone of the paramagnetic phase. Combining (20)-
(22), we get

fJ f2 2m*
~(E,)„=[e(0),„, -e{O)...„].,=- ',&

S'

, S{S+1)V- 2~n~~ i&01'~ @2 2 (.;+~}(2~;+I)+I~ol ~ ~ @2 20 @ q
0 Q 4N ~ h

{23)

L,oealized electron. In the usual effective-mass
approximation, the envelope function of mell-local-
ized states extends over only a few lattice cells if
m*- m as in the crystals of interest. Applicability
of the approximation is questionable in such cases.
We shall approximate the wave function of a local-
ized state by a linear combination of orbitals of
the central ion and the neighboring oxygen and mag-
netic ious. The 2p orbitals of oxygen ious (or 3p
orbitals of sulphur ious) and the 4s orbital of the
magnetic ions are included since the conduction
band involves mainly these orbitals. We are in-
terested in the lowest state of an ion with a local-

I

ized electron which allows optical transition from
the normal state of the ion, A„ for Mn" and T„
for Co". This consideration prescribes allowed
symmetry representations for the wave function of
localized electron. We take 4P orbitals of the
central ion for the linear combination because this
orbital is associated with lowest energy among the
orbitals which can give linear combinations satis-
factory for the symmetry requirement.

We get three wave functions g„, t[„P„which
form a three-dimensional representation T,„of
the symmetry group. The three wave functions can
be expressed concisely as follows:

q„=~(4P.),+ E[(P.)..(P.),].C[(P.).+ (P.) + (P„),+ (0„) ]

+ D[[(4s)~+ (4s)2+ (4s)7+ (4s)8] —[(4s)4+ (4s)5+ (4s)~o+ (4s)~, ]}+E(4s)z—(4s)zz],

q, =&(4p,)0+&[{p,),+ (P,)pl+ C[{f,),+ (P,)f+ (j,),+ (p,),]
+Df[(4s}~+(4s)~+ (4s)~+ (4s),0] —[(4s)5+ (4s)8+ (4s)~2+ (4s)7]}+E[{4s)zzz—(4s}z»],

q. =&(4P,)o+ &[(p,),+ (P,)y]+ C[{0,),+ (p,), + (P,), + (p,),]
+D([(4s)3+ (4s)4+ (4s)u+ (4s)~2] —[(4s)s+ (4s)4+ (4s)~+ {4s)9]}+E[(4s)»—(4s}»z] .

(24)

The axes taken are the cubic edge of conventional
unit cell.

A, J3, C, D, E are coefficients. The subscript 0
denotes the central ion, a, b, . . ., f are indices of
nearest halogen ions, 1, 2, . . . , 12 are indices of

I

nearest magnetic ions, and I, II, . . . , VI are indices
of next-nearest magnetic ions. For each wave
function, the second term is a linear combination
of P orbitals for two halogen ions situated along
one of the three axes. The fourth term consists
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of two linear combinations of 4s orbitals; the com-
bination with positive sign is for ions which have
positive coordinates along the axis and the other
combination is for ions having negative coordinates

along the ass.
The first-order magnetic-interaction energy

does not vanish in the antiferromagnetic phase for
a localized electron. It is given by

2
he= —s g S, t) (r, )y3, (r3 —5, ) y„(r, —5,) $(r3) dr, dr3

i

m=n(E, )„=-(2D'-E')SZ„,
where

J,3=-( ffyf, (r, )yf~(r3)(e3/r „)

+33(r1)+4 ( 2}d 1d 3)

(25a)

and S is the magnitude of spin of a magnetic ion.
In CoO, the spin of the excited electron is anti-
parallel to the spin of the central ion; the singlet
state is lower in energy with

&(E3)vl = —(4D +E ) SZ, ~ . (25b)

In (25a) and (25b), overlap of 4s orbitals with 3d
orbitals of different magnetic ions are neglected.

IV. INTERPRETATION OF EXPERIMENTAL RESULTS

In view of (19}and (I) or (12), we may write

&hv = r1(E } + d (E ) + n(E ) + 4(E }

=d(E, ) d(E,)..(D„-D)(~V/V)+D, 5

+ (0.64D, —l. 41D,} .

where P and s are the spatial wave function and
spin of localized electrons, i is the index of neigh-
boring magnetic ions, /3~ is an unpaired zero-
order Sd wave function, and the weighted average
over the unpaired 3d orbitals is denoted by ( )
The summation over i excludes the central ion
since the interaction with the central ion does not
vary with the temperature. For T» T~, neighbor-
ing magnetic ions have little effect due to the ran-
domness of their spins. In the antiferromagnetic
phase, half of the nearest magnetic ions (indices
V-12) have spins parallel to that of the central ion
and the other half (indices 1-6) have opposite spins.
All the next-nearest magnetic ions have spins
parallel to that of the central ion. The magnetic
interaction with neighboring magnetic ions splits
the threefold degeneracy of the localized state,
leading to a singlet state and a doubly degenerate
state. In the Mn compounds, the spin of the ex-
cited electron is parallel to the spin of the central
ion. Since s-d exchange integrals are positive,
the doubly degenerate state is lower in energy.
The magnetic interaction lowers the energy by

The last term is present only for CoO, &(E,)„is
given by (18). &(E3)~ is given by (23) if a free
conduction electron is excited, and it is given by
(25) if the excited electron is localized. In the
paramagnetic phase, Mn" is in the A«state and
Co" is in the T«state. At the absorption edge,
the electron excited by optical transition is close
to the conduction-band minimum which has A~

representation of cubic group. ' ' After an optical
transition, Mn'" has a E~ and Co"' has a T2, rep-
resentation. The electric-dipole moment involved
in an optical transition has a T» representation.
Since E~& Ag does not contain T» = T»&A«, the
transition is forbidden for the Mn compounds. For
CoO, the transition is allowed or forbidden de-
pending upon whether the representation of the con-
duction band is specifically A» or A«. Since the
conduction band is supposed to consist mainly of 4s
orbitals of magnetic ions, A« is the more likely
representation, in which case the transition is also
forbidden. Since all the crystals have inversion
symmetry in the antiferromagnetic phase, the
parity of a state is not changed by the phase tran-
sition, hence the transition under consideration is
also forbidden in the antiferromagnetie phase. In
the case of MnO, our strain measurements also
provide an evidence against the excitation of free
electrons. The edge of the conduction band and
the state of Mn" a.re nondegenerate. The degen-
eracy of Mn'" involved is not split by the distortion
of (111) strain. In the hypothesis of free-electron
excitations, we would have D~ = 0 and

(nhvg)~~ (Ahv3)g (D„-D)(&V/V)

The fact that the measured (nhv, )„and (&hv, },are
different is against this hypothesis.

Despite these considerations, the absorption
edge in MnO and CoO has been attributed to the
excitation of electrons to the conduction band.
I.et us examine first this hypothesis: Vfe take the
average of (L&v3)„and (&hv~), given by the strain
measurements, which corresponds to D„-D=—9
eV. This value is assumed for all three crystals.
The values of &V/V due to the magnetic effect on
the erystallogra, phic structure at 0 'K are listed
in Table II. The values of D„D, for CoO have
been quoted previously. The values of [&(E,)11



10 EFFECT OF ANTIFERROMAGNETIC TRANSITION ON THE. . .

TABLE II. Volume dilatation AV/V and symmetry dis-
tortion &~ associated with antiferromagnetic transition. .
Exchange integral J& and J2 for nearest and next nearest
neighbors, respectively, are also shown.

(D,), = —(1.6 t 2. 6) eV,
(D,),=(0.6~1.3) eV .

Parameters

z, ('K)

z, (K)
av/v (at o "K)
4 (ato K)

Mno

—10
—11

—3.3x 10+"
1.1x 10 2b

0-MnS

—7b

—12. 5b

~;3.6x 10+b
1.72x 10 3b

COO

—6. 9
21 6c

—1.2x 10
7. 5x 10+

The diagram shows that the effect of crystallograph-
ic distortion associated with magnetic transition
on hv~ in MnO is

(D„-D)(~V/V)+D, 6

= (D„-D)(~V/V) + (D,), 6 .
a6 is expressed in terms of corner angle change + 6

for trigonal distortion and in terms of 3 &~~ for tetragonal
distortion. Corner angle: angle defined by two of the
basis vectors of conventional unit cell. It is 7r/2 in fcc
crystal.

B. Morosin, Phys. Rev. B 1, 236 (1970).
'L. M. Corliss, N. Elliott, and J. M. Hastings, Phys.

Rev. 104, 924 (1956).
M. R. Daniel and A. P. Crakknell, Phys. Rev. 177,

932 (196').

+ A(Ez)D] calculated with the values of {D„-D),
d V/V, D„and D, , are listed in the second row
of Table I. The values of J, and J2 are listed in
Table II and the calculated values of &(E,)„are
listed in Table I. The values of (rkEz)„required
to fit the observed ~hv, are listed in the fourth
row. It is seen that &(Ez)„&0 is needed for MnO

and CoO. On the other hand, theoretical calcula-
tions show that g(u;+v;) /q is smaller than gl/q2
by a factor of -0.8 for fcc type-2 antiferromagnets.
Since (I/N)gl/q &1/D, (23) gives 6(E2}„&0.
Therefore, the free-electron model is inconsistant
with the experimental results for MnO and CoO
even though the values of d(E2)„required for n
—MnS may be fitted by (23) with reasonable value
of m* and Jo.

Consider the model where the optically excited
electron is localized. In our strain measurement
on MnO, the elongation was applied along a (111)
direction. The triply degenerate state g„,g„g,
is split into a, singlet state g, and a doublet state

gz, g, as indicated in Fig. 6. Excitation to (, is
allowed for radiation polarized perpendicular to the
(ill) direction, whereas excitations to $2, p3 are
allowed for polarization along the (ill) direction
also. The difference between {hhv~)„and (Akv~),
shows the g~ state to be lower in energy. %e have
the relations

{bkm~), = (D„—D)n, v/V+ (Dg), 5,
(nhv~}„= (D„—D)r/ V/V+ (D/)/, 5 .

Perturbation treatment of symmetry distortion
shows

2(Da), 6 = —(Dg)g6 .
Using the above three relations, we get from the
measured {&A',v~))) and {&hug) J 7

(D„—D) = —(9+3}ev,

The value of 6{E,)n+ b.(E2)n calculated with Av/V
and 5 of crystallographic distortion is listed in
Table I. The approximate value for n —MnS is
calculated by using the same values of (D„—D) and

D&. The effect of magnetic transition on the local-
ized state of excited electron in CoO is shown di-
agramatically at the bottom of Fig. 6. Magnetic
transition is associated with contraction along a
cubic axis instead of a (111)direction as in the Mn
compounds. Symmetry distortion has no effect on
the state of lowest energy, (g„+g, + g,)/v'3, i. e. ,
D, = 0. The value of r/{E,}//+ &(Ez)D listed is esti-
mated by using the (D„—D) of MnO.

Strain (MnO, a-MnS)

&x &y &z (Dg)bs
0x~ tyi Wz

('ll+ky+4z)/J3 ~(Dg)08

Magnetic Transition

Wx ~

lyly

fz

x &y &z

r D„(kv/v)r l
l

h, (Ez)M

'l

l ~f

(0x- ty)+2 ' ~(
(0„+0„-2t,)4C

Magnetic Transition (CoO)

&x &y &r

~x' ~y~~z
/ o

I
/

I
I

I
I D„(hV/V)

I V

I
I

I
/

/

I (L

o

l

1

~«p)M
'l

~ I

(+„+4„++z)IA Dg=O

FIG. 6. Diagrams showing the effects of volume dila-
tation AV/V, crystallographic distortion 0, and magnetic
interaction b, (E2)z on the energy legel of the optically ex-
cited electron, in the localized-electron model.
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In the localized-electron model, d (E~)„ is given
theoretically by (25a) for Mn compounds and by
(25b) for CoO. The values of &(E~)„ listed in Table
I require

2D -E =0.09(J,~/J„) for MnO,

2D'-E =0. 03(J'„/J, ~) for o. —MnS,

4D +E =0.12(J„/8„) for CoO,

where J,„ is the s-d exchange integral for the free
ion. J„=0.44 eV (Ref. 29) for Mn'. A similar
method of estimation gives J„=O.49 eV for Co'.
With J„/J„1,these conditions can be satisfied
with reasonable values of D and E . For example,
with J„/J„=2, 2D E~=-0. 18 for MnO, 2D -Em

= —0. 06 for a —MnS, and 4D +E~=0.24 for CoO.
Referring to (24), it is seen that 8D is a measure
of the contribution of the 4s orbitals of nearest mag-
netic ions and 2Z pertains to the 4s orbitals of
nearest magnetic ions and 2E pertains to the 4s
orbitals of the next-nearest magnetic ions. For all
three crystals, 8D + 2E~ & 0. 5 is an indication that
the contribution of P orbitals of the central ion and

p olbitals of halogen neighbors is not too excessive.
Furthermore, 8D &2E~ for all three crystals,
which is consistant with a decrease of contribution
of more distant ions. Finally, the fact that 2D
&E~ for MnO and 2D &E~ for n-MnS seems to re-
flect the effect of a difference in dielectric constant:
K=7. 9 for Q. -MnS and K=4. 7 for MnO. Therefore
the wave function of localized electron may be ex-
pected to be more spread out in n —MnS.
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