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Absorption lines corresponding to the simultaneous creation of two excitons have been inves-
tigated in MnF2 and BbMnF3. The particular zero-phonon transitions observed are those from
the ground states of a Mn ion pair to the 4T~{G)+ Tq(G), T&(G)+ A&, E, and Tq{G)+ T2(D) ex-
cited states in MnF2 and to the T&(G)+ T&(G), T&(G)+ A.&, E, and A&, E+ A&, E states in
RbMnF3. An, attempt is made to identify the particular excitons created in these transitions
through their polarizations and uniaxial stress behavior. Selection rules are derived using the
space-group representations along with the additional assumption that the transition mecha-
anism is an off-diagonal exchange interactionbetween pairs of Mn ions on oppositemagnetic
sublattices. The interaction between excitons is discussed; it is found experimentally that for
those excitons which couple strongly to the lattice, the phonon coupling provides the major part
of the interaction. The exciton-exciton interaction energy is positive or negative and varies
from 10 to 400 cm in magnitude. A measurement of the I.-point magnon energy in RbMnF3
has been made from an analysis of the 6A&- T~{G) magnon sidebands; it is found to be
73+0.5 cm

I. INTRODUCTION

The creation of more than one quasiparticle upon
the absorption of a photon is a general feature in
the spectra of many solids and occurs whenever
there is an interaction between the quasiparticles.
The quasiparticles about mhich we are speaking
could be, for example, phonons, excitons, or mag-
nons. By definition, photon absorption involving
the creation of several quasiparticles is weak,
since presumably the particle states have been con-
structed so that the two-pa, rticle interactions are
small. Homever, if the one-particle transition is
forbidden in some way, the pair or multiple transi-
tions can be a relatively important feature in the
absorption spectrum. Tmo-particle or pair tran-
sitions have been observed in the spectra of anti-
ferromagnetic insulators, o.-02, and possibly sili-
con. Pair transitions have also been seen for

pairs of impurity ions in solids.
The pair transitions in antiferromagnetic insula-

tors have been studied in considerable detail. These
transitions include combinations of two important
quasiparticles present in magnetic systems: mag-
nons and excitons. The absorption spectra of these
substances exhibit exciton-magnon, ' two-magnon,
and two-exciton transitions. e These processes have
been of interest because of their intimate relation-
ship with the exchange interaction between ions.
Further, they have been useful in studying the prop-
erties of excitons and magnons. In this paper we
shall concern ourselves with the two-exciton transi-
tions in MnF~ and RbMnF, .

This work was motivated by our earlier work
on two-exciton lines in MnF~, in which the lowest
tmo-exciton states mere observed and identified.
In order to understand the source of the interaction
between excitons and the strengths of the two-ex-
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citon lines and also to investigate exciton dispersion
and intersublattice exchange of excitons, we decided
to look at a number of exciton-exciton transitions in
different crystals. The crystals MnF~ and RbMnF3
mere chosen: MnF~ because of the large body of
knowledge about its properties, and RbMnF3 because
its high symmetry and different crystal structure
provide a good comparison with MnF3,

Several two-exciton absorption lines mere ob-
served in both materials and are reported. in Sec.
IV. In the same section we present the uniaxial
stress behavior of some of the absorption lines,
which was used for identification yuryoses. Selec-
tion rules for the two-exciton transitions and possi-
ble sources of the exciton-exciton interaction are
discussed in Sec. II. Experimentally it is found
that this interaction arises primarily from exciton-
phonon coupling for those excitons mhich couple
strongly to the -lattice and can be either attractive
or repulsive.

H. THEORY

MnF3 has the rutile structure with„the paramag-
netic space grouy P4gmnm (D4'4) Below . the Neel
temperature the magnetization lies along thee axis,
and the optically active Mn~ ion has a unitary site
symmetry C3„. The Mn ion has two Mn nearest
neighbors (NN) on the same magnetic sublattice,
3.31 A away along the c axis, and eight second NN

on the opposite magnetic sublattice, 3. V8 A away.
The bond angle for a first NN pair is 102', with a
ground-state exchange constant J,= 0. 22 cm"';
whereas, a second NN pair has a 129' bond angle
and an exchange constant J~=-l. 22 cm ' ""

HbMnF3 has the yerovskite structure with a para-
magnetic space grouy Pm' (0„'). Below the Neel
temyerature the unitary site symmetry of the Mn~

ion is C,„ if the magnetization (9) lies along a
[001]cubic axis and C„ if )I is yarallel to (111).
The anisotropy field is very small (-4 Oe) with the
equi1ibrium direction being (111)~~; therefore, it
is relatively easy to reorient the magnetization
with an applied stress or magnetic field. The Mn '
ion has six Mn first NN, 4. 26 A away on the oppo-
site magnetic sublattice, and twelve second NN,
6. 02 A away on the same sublattice. HbMnF, has
a 180' exchange between the first NN Mn pairs,
mith J&=2.35 cm ." The exchange constant J'3 is
0. 00+0. 2 cm '. The smallness of Jz is not sur-
prising, because there is no direct path for the
superexchange interaction in this case.

In both crystals the Mn~ ion is surrounded by an
octahedron of fluorine ions, but in MnF2 this is dis-
torted to orthorhombic symmetry. The energy
levels of Mn~ in both crystals have the same order-
ing, but they are somewhat Lower in HbMnF3 by
-200 cm'. The ionic states of primary interest to
us here are the ~A, ground state (t2~ e~ configura-

tion), the lowest excited state, T, (96%%u~ t43e con-
figuration), and the A„E(G) states (f 3~e2 config-
uration). We shall first derive the selection rules
for the two-exciton transitions and then discuss the
exciton-exciton interaction.

.A. Selection Rules

Two-exciton absorption consists of the creation
of two excitons with wave vectors k and —k with
one photon (k-0). It is a straightforward problem'6
to determine the selection rules once the group
representations of the excitons are known. These
rules. provide us with information on the polariza-
tion of transitions for the creation of two excitons
with wave vectors throughout the Brillouin zone.
However, this approach is useful only if the energy
dispersion of the excitons separate out the various
critical points. On the other hand, if the dispersion
of the excitons is smaller than the experimental
energy resolution, then all points in the Brillouin
zone can contribute to an observed transition, and
the space-group selection-rule information is
averaged out. Fortunately, we can assume that the
interactions between the magnetic ions have a
higher symmetry than that of the crystal. An ex-
ample of such an interaction is the Heisenberg iso-
troyic exchange. For the two-magnon, exciton-
magnon, and two-exciton transitions the assump-
tion is made that the interaction giving rise to these
exeitations occurs between pairs of electrons or,
equivalently, pairs of ions and has the form

where i and j refer to electrons on the spin-down
and spin-up sublattices, respectively, f,~ is a
transition dipole moment, and s&, sz are general-
ized spin operators which can operate on the or-
bital and spin states of the electrons. Such an in-
teraction, which involves off-diagonal exchange
terms, was first introduced by Tanabe, Moriya,
and Sugano, " and actual expressions for the m, &' s
were obtained by Gondaira and Tanabe. '

Upon summing over the electrons on both ions,
a pair transition moment 5„(e,e~) will be obtained
for the two-exciton transition, where the ion a is
excited from the ground state g, to an excited state
e, , and equivalently for the ion b. In order that a
given component of 5„be nonzero, the product
representation (e, xg, ) x (e~ xg, ) must transform as
that component for those operations which leave the
pair invariant. The determination of the nonzero
pair transition moments provides us with more in-
formation than the space-group selection rules for
a (k, —k) exciton pair, since we are assuming a
specific interaction between the excitons. To in-
clude the full space-group symmetry of the system,
one sums the pair moments of the equivalent pairs,
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TABLE I. Electric dipole selection rules for the two-
exciton transitions at the critical points in MnF2. The
parentheses indicate that the transition is not allowed if
the bvo excitons are identical.

r'„r4+ r'„r4
I'g, I'2+I'3, I'4

E1 and E2 both transform as r~, I'2

T({0,+-,) transform as rs, r4
( E8, + 2) and (4Ag + g) transform as rs, r 4

(Ee, +&) transform as r&, I 2

each one being multiplied by the appropriate phase
factor for the given wave vector k of the excitons.
This approach was used previously in explaining
the polarization properties of the 'T, + T, absorp-
tion lines in MnF2. '0 (In this paper excitons will
commonly be labeled by the final excited state,
since the initial state is always the A, ground
state, e. g. ,

" T, exciton" in place of " A, - T,
exciton. " The two-exciton transitions are indicated
by a plus sign between the two excitons. )

We first consider here the selection rules for
MnF&. The k = 0 excitons transform either as I g,
F~ or as I", , I'4 of the factor group D»' The
selection rules for the two-exciton transitions are
given in Table I. These rules have some useful-
ness in the case of the ~T, + A&,~E transitions where
the EH exciton has a —74-cm ' dispersion along
Z.' Next, for a determination of the nonzero pair
transition moments we use the symmetry of a
second NN Mn pair, C,', a time-reversal mirror
plane containing the c axis and the pair axis. The
pair moments for the T, + T, transitions were de-
termined in a previous paper. ' In the case of the
T] + Ay E transitions, it is found that the pair

symmetry allows both 0 and m polarizations for the
two-exciton lines.

The symmetries for a first nearest-neighbor Mn
pair in RbMnF3 are given in Table II for different
orientations of the spins. The equilibrium spin
directions in unperturbed RbMnF, are the (111)
axes. For unstressed RbMnF, no polarization of

any absorption lines was seen, which indicates the
presence of domain averaging and agrees with pre-
vious observations of domains by antiferromagnetic
resonance techniques. Upon applying a [001] uni-
axial stress greater than 420 bars, a single domain
is formed with the sublattice magnetizations along
[001]. ' In this situation one would expect to see
polarized two-exciton lines, and thus, we derive
the selection rules for a [001] spin orientation.

We shall proceed directly to a calculation of the
rules for the transition moments, since the space-
group selection rules do not provide useful informa-
tion. The representations of the single-ion transi-
tions on the two sublattices are indicated in Fig. 1
for the [001] spin orientation (ion-site group C4„).
Since the pair has inversion combined with time-
reversal symmetry, a very important parity-time-
reversal selection rule results, The rule is that
the pair transition is forbidden if the final electronic
states on the two ions are a time-reversed pair,
that is, identical except for time reversal.

For an ion pair, the unitary operations which
leave the pair invariant and do not interchange the
ions form the group C4 for the [001]-oriented pair
and C, for the [100]-and [010]-oriented pairs. Thus,
the C4„exciton representations are reduced to these
groups for the pair excitation. The representations
of the two-excision state in the above groups are
simply the direct product of the exciton represeri-
tations on the two sublattices, which leads to selec-
tion rules given in Table III. The parity-time-re-
versal symmetry is used implicitly in the construc-
tion of this table.

8. Exciton-Exciton Interactions

The exciton-exciton interaction energy is defined
as the difference between the energy of the two-ex-
citon state and the sum of the one-exciton energies.
There are two important contributions to this inter-
action: lattice coupling and excited-state exchange.

First, consider the interaction via lattice cou-
pling. Since an exciton is accompanied by a lattice
displacement, the size of which depends on the ex-
citon-phonon coupling, two neighboring excitons can
interact through these lattice distortions. The

[001]
[o1o], [1oo]
(111)

D4;(D4)

D2I (&2)

c,',(c,)

C4'„(C4)

C,'„(C,)
C,' (C))

TABLE II. Symmetry groups for a first nearest-neigh-
bor Mn pair with different spin orientations in RbMnF3.
The unitary factor groups are indicated by the parenthe-
ses. The group which both leaves the pair invariant and
does not interchange the Mn ions is given in the column
labeled ion-site symmetry.

Spin direction Pair symmetry Ion-site symmetry

Pair
axis

[001]

[100]or [010]

Ion-site
group

Exciton product
representations

{r', or I'&) x {r3or I'4)

(I,'xr;) or (r4xr', )
r+ x r+

(r', xr;) or (r4xr'4)
r;xr;

Polar-
iza, tion

E i[001]

~ 0 ~

E ]~ [001]
Ej.[001]
E j.[oo1]

TABLE III. Selection ru1es for two-exciton transitions
in RbMnF3 for the magnetization along [001].
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Cgh SITE GROUP EXCITON SYMMETRIES
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FIG. 1. Group representations of sub-
lattice excitons for C4& site symmetry.
The two ions are on opposite magnetic
sublattices.
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amount of exciton-lattice couyling can be deter-
mined from experiment by comparing the strength
of the yhonon band to the zero-phonon line strength,
the ratio of which is commonly indicated by e ~,
where S is the Huang-Rhys factor. In MnF~ and
RbMnF, we must obtain this factor by comparing
the intensity of the exciton-magnon band to that of
the phonon band, which is in actuality an exciton-
magnon-phonon band. The ~T, (G) exciton-magnon
band has a Huang-Rhys factor (S) of -4. 5 in both
materials, indicating a sizeable lattice distortion;
whereas the A„E(G) and the T2(D) exciton-mag-
non transitions do not show much phonon coopera-
tion. Thus, this contribution to the interaction be-
tween excitons will be larger for those processes
creating Tj excitons than for those in which Ay,
4E excitons are. created.

The other important contributor to the two-exci-
ton interaction is the dependence of exchange energy
on the electronic state of the ions. The exchange
between the electrons of an Mn~ pair can be written

H „=ZJ ( gs ('s g, (2)
f,j

where a and b refer to the two ions of the pair.
[The exchange parameters J„,~ may depend on the
spin states of the ions, in which case a term of the
form J&», (s& s&)(f» ~ s, ) could be added to expression
(2).]

The exchange energy for an Mn pair in the ground
state can be written Jot, f„where

Jo S S
+ Jail&'

a 5 f,j
The exchange field that an Mn~ ion sees is JOSz/
gP, where s is the number of nearest neighbors.
If one ion is in an excited state, we have

H„=J f, S~,

where J' is a new linear combination of the J, »'s,
the combination deyending on the particular excited
state. The exchange field experienced by a Mn~

ion in an excited state is then J'Sz/gP. If two
neighboring ions are excited, the exchange field be-
comes [J"S'+(z- I)J''S]/gP, where J"S ', ~ S,' is
the exchange between the two excited Mn ions.
Thus, the exchange contribution to the exciton-ex-
citon interaction energy is

b =2S'[SJ''-S'J" ] .
The relative importance of these two contribu-

tions to the exciton-exciton interaction is difficult
to estimate theoretically. However, the exchange
contribution would appear to be on the order of a
pair exchange energy or less (-20 —25 cm ~ for
MnF2 and RbMnF~) . Experimentally we find that
the T&+ T, transitions in RbMnF3 show a 400-cm
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exciton-exciton interaction energy. This energy
is larger than one would expect from the exchange
contribution alone, and therefore implies that
the phonon contribution is dominant in this case.
On the other side, the 4T, (G)+~T~ (D) transitions
in MnF~ and the double 'A&, E -lines in RbMnF3
have interaction energies less than 10 cm
This could arise either from weak phonon coupling
or exchange interactions.

III. EXPERIMENTAL DETAILS

Our absorption measurements were made with a
double-beam spectrophotometer described in a pre-
vious paper. ~a A 75-% Xe arc was used as the
light source. Since most of the light from a Xe arc
is in the visible range, the visible light must be re-
moved before it reaches the entrance slit of the
spectrometer. Otherwise, unwanted visible light
yasses through the exit slit because of scattering
within the instrument. A quartz wedge plate was
used to predisyerse the source light before it
reached the entrance slit. With this arrangement
the amount of scattered visible light incident on
our detector was less than 1/~ of the uv light, even
at 2000 A. The smallest change in transmission
detectable with our apparatus was 5 parts in 10' at
2000 A with 0. 8-A resolution, and 4 parts in 10~

at 2200 A with 0. 2-A resolution. The uniaxial
stress measurements were made on 1x 5x 5-mm
or 1xSx 5-mm samples; the stress was applied to
the samples via a pneumatic apparatus described
in an earlier paper. 3 The MnF3 and RbMnF3
samples were grown with zone-refined MnF~ and
RbF material using a modified Bridgman technique.
The narrow linewidths that we observed for the ex-
citon transitions indicated the material was of good

quality.

IV. RESULTS

Figures 2 and 3 show the absorption spectra of
RbMnF3 and MnF~, respectively. These curves
are similar to those obtained by Fergusono on both
substances and by Mehra and Venkateswarlu 4 on

RbMnF3, except that we have observed additional
band and sharp-line structure due to the lower
temperature and higher resolution in our measure-
ments. We have also extended the measurements
uy to an energy of 51 000 cm ~ and have seen the
A.&, E+ A&, E two-exciton band in RbMnF~ for the

first time. The same band was not seen in MnF~
because a 0. 1-mm-thick sample of MnF~ is essen-
tially opaque (transmission & 1%) above 49000 cm ',
indicating an absorption coefficient greater than
500 cm '. It is not known whether this strong ab™
sorption comes from the two-exciton bands in this
region or from the onset of transitions from bond-
ing to antibonding states. It does see.m likely, in
view of the apparent sizable oscillator strength,
that it is the latter case.

For comparison, the absorption spectra taken at
T= 99 K are also shown in Figs. 2 and 3. It can be
seen that the oscillator strengths of the two-exciton
bands at 2 K are approximately a factor of 2
larger than those at 99 K. In contrast, the A2 one-
exciton band at -40000 cm ' in both MnF~ and
RbMnFS does not have this increase. According to
a calculation by Druzhinin

equal.

,a the temperature
dependence of the two-exciton strength is related to
the spin correlation between the two magnetic sub-
lattices. This temperature behavior of the oscil-
lator strengths is useful in distinguishing the two-
exciton transitions. Table IV lists the various
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possible two-exciton bands along with their exyected
and observed positions. We now proceed to a de-
scription and discussion of the observed two-exciton
lines, considering each state in turn.

A. MnF2

The one-exciton and exciton-magnon absorytions
in MnF3 have been studied by Sell et al. 7 and by
Meltzer and Lohr. 6 Uniaxial stress measurements
on the exciton and exciton-magnon transitions have
been performed by Dietz et al. 3 on the T& excitons
and by Meltzer et al. ' on the A&, 4$ excitons. The
details of the one-exciton spectra are reasonably
well understood. The two lowest-energy excitons,
at 18 419 (El) and 18436 cm ' (E2), are constructed
from linear combinations of the (+ 1, ——,') substates
of the 4T, manifold. 2 The observed excitons of the

A, and E states are the Ee exciton at 25 245 cm .'
and the E8 exciton at 25260 cm '. Meltzer etal.
found that the 4Ee exciton has a —74-cm ' disper-
sion from 1" to Z in the Brillouin zone, but very
little disyersion along the x direction.

1. T,(G)+ T, (G)

ton states are not required to be degenerate, since
the two excitons could interchange sublattices. In
other words, there can be an interaction between

E» and E» such that the eigenstates become 2 '
(|)',a+ t)'3, ) with energies a (k,alH„t lt)'a,), a type of
Davydov splitting. The single exciton Davydov
splitting arising from an intersublattice transfer
of one exciton is small experimentally because it
involves a ~M, = 2 process. However, since the
intersublattice crossing of two excitons is a 4M,
= 0 process, it might have a larger probability.

We observed that E» and E» are degenerate to
within 4 cm '; therefore, the matrix element
(~18~fft t ~ ~21) is less than 2 cm-' and thus an upper
limit on the intersublattice crossing frequency of
two excitons is 6x10' sec ~. An estimate of the
interaction matrix, mhich is an off-diagonal
Coulomb term, can be obtained from a calculation
of Fuchikamj on KMnF3. She obtains a vslue of
2-4 cm ' for these particular Coulomb integrals.

TABLE IV. Two-exciton band energies ..

Most of the work on this state was reported in a
previous payer'; however, one interesting result
was not discussed. These data provide an upper
bound for the frequency of the intersublattice ex-
change of the E1 and E2 excitons. It was found
that the transitions E1(A)+E2(B) and. E2(A)+El(B),
labeled E&3 and Ez, respectively, are degenerate;
A and 8 refer to the two sublattices. This degen-
eracy can be split by a [110]stress, which makes
the two sublattice's inequivalent. These two-exci-

Final states

T1(G) + Ti(G)
4T, (G) +'T, (G)
4.T, (G) +4A, , 4E(G)
4T, (G) +'T, (G)
4T, (G) + 4T, (D)

T2(G) + Af, E(G)
'T, (G) +4E(a)
4A, 4E+A, E
4T2(G) +4T, (D)
'T, (G) +'T1M')

38.8
43.0
44. 9
47. 2
47.9
49.1
49.7
51.0
52. 1
52. 2

38.7
42. 9
44. 7
47. 1

38.3
42. 3
44. 6
46. 2
47.4
48. 5
49.4
50.8
51.3
51.9

38.3
42. 2
43.9, 44. 2
(46.7)
47. 3 (47. 8)
48.4 (48.9)
49.2
50.8

Band energies (103cnl 1)

MnF2 RbMnF3
' Expected Observed Expected Observed
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FIG. 4. Absorption spectrum in the 4Ti(G) +4Aj, 4S hvo-
exciton region for a l-mm-thick MnF2 crystal. The ordi-
nate zero is arbitrary. Note that the optical density scale
for the o. spectrum is a factor 2 smaller than that for
the 0+ 7r curve in order that a direct comparison of the in-
tensities of the bvo spectra can be made. The three groups
of lines labeled I, II, and III are discussed in the text.

Although the above calculation is for KMnF~, we
might exyect the order of magnitude to be correct
for Mnpa, If the lattice distortions associated with

E» and E» are different, the interaction matrix is
reduced by 8 (0, 0) & 1, the amount of vibronic over-
lap between the two double-exciton states. Thus,
the fact that no splitting is observed is consistent
with these theoretical estimates.

2. 4r, (G)+'&„4E

This should be one of the more interesting two-
exciton combinations to study because of the
—74-cm ' dispersion of the 4Ee exciton, Figure
4 shows the o. (k llc) (lower curve) and the k& c
spectra (upper curve). The k ic spectrum contains
about equal amounts of 0- and m-polarized light.
Table V lists the energies of what appear to be
zero-phonon lines and their yolarizations. The
excitons from the 4T& manifold which may contrib-
ute in this region are the lowest two excitons (El
and E2) and possibly the exciton from the T,(0, + ~)
state, which is not observed in the one-exciton
spectrum but is calculated to be about 50-60
cm above the E1 energy by Meltzer and Lohr. +

The disyersion energy of the T& excitons is less
than 0. 5 cm '.~9 Prom the «A, 4E manifold we have
the three orbital states A.„EO, and E&. The E&
excitons have been observed in the one-exciton spec-
trum, but the energy of the 'A& exciton has not been
definitely established. The Ee exciton has been
shown to have a -74-cm dispersion in the s direc-
tion and little dispersion along x. Therefore, the
energy of the 4E8 exciton at the X point is 74 cm ~

higher than it is at the Z and A yoints in the

TABLE V. Two-exciton line energies.

Tow-exciton state

Mnr, : 47,(C}+4~„4Z
Energies (cm ~)

Origin at 43580

112(x), 119.5(fy), 211(m}, 231(g, g)
II 9(x}, 74(x, fy)

III 0.0(fy), 42(r), 131(x}, 23(g}
463VV; 46393; 46413; 4641V'T, (c)+'r, (o)

Bbwnpe-. 4TI@)+ 47)g) Origin at 36832
—5, 0.0, 4V, 51, 85, 92, 162

Origin at 43302'T, (t.")+'A, 4z{c)

0.0, 5, 58, 91, 96

4AI, 4E(6}+4AI,4E(G} 50 281;.50351;(~};50366(9}

Brillouin zone. It is also observed that the dis-
persion of the 4Ez exciton is small. '9 Therefore,
in the ~A„~E+4T, (6) two-exciton spectrum we
would expect at least six lines, possibly fifteen
lines.

The selection rules for the two-exciton transi-
tions at total k= 0 are given in Table I. Note that
if any dispersion of the Ee or A& excitons is to be
seen, it will apyear in the o syectruxn. %e are
now left with the problem of identification. Since
the stress behavior of the two-exciton states was
useful in the identification of the 4T, +4T, exciton
spectrum, we studied these A&, 4E+ T1 excitons
for various levels of [001] uniaxial stress uy to
1.5 kbars.

The foiiowirg results were obtained: (i) The
four lines at 112, 119.5, 211, and 231cm ' away
from the first line at 43 580 cm"1 shift downward
in energy as the El exciton (12 cm '/kbar). These
lines are labeled group I in both Fig. 4 and Table
V. (The El exciton is the only one with a sizable
energy shift under [001] stress. The stress de-
pendences of the other exciton energies are small,
being —l. 2, + 2, and +0. 6 cm ~/kbar for the E2,
4Ee, and 4E8 excitons, respectively. ) (ii) The two
lines at 9 and 74 cm" shift upwards slightly
(-3 cm '/kbar). These are labeled group II. (iii)
The three lines.'at 0, 42, and 131 cm 1 appear to
move less than 2 cm '/kbar T. hese are labeled
group III. (iv) An additional line, not resolved at
zero stress, appears at 117 cm 1 and probably has
the stress behavior of the group-III lines.

The 231-cm"1 peak in group I is very likely a
Phonon sideband of the 122-cm liney since har-
monics of it appear in the yhonon band out to at
least the 10th overtone. The 211-cm 1 peak may
also be a phonon-assisted transition. Therefore,
we are inclined to assign the two lines at 112 and
119.5 cm ' to the E1+4Ee and E1+4Ec transitions.
The sum of the individual El and E8 (Es) exciton
energies is 43 666 cm ' (43660 cm '), which falls
below the observed two-exclton energy by about
25 cm '. Since no line below these has an E1
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stress behavior, except perhaps for the weak
23-cm ~ line, whose stress behavior we cannot ob-
serve, it appears that we are not seeing transitions
in which the El+EH excitons are created at the
Z, A points. If the 23-cm ' line is El+So at Zand
A, then this would imply a negative dispersion of
89 cm '. (We could expect that the —74-cm ' dis-
persion of the E8 exciton would be modified by the
exciton-exciton interaction. )

Any further assignments in this region are at the
moment to be considered as rather tentative. How-
ever we suggest that the 11V- and 131-cm ' lines
are the E2+Ee and E2+E8 transitions and the
42-cm ' line is E2+E8 at the Z, A point. The @-

polarized lines at 9 and V4 cm ' which shift upward
by 8 cm '/kbar under [0011 stress, do not have a
stress behavior consistent with any combination
of El, E2 and Ec, Ee excitons and, therefore,
possibly are associated with either the A or other
4Tf excitons.

Four sharp lines are observed close to the ex-
pected positions of the 4T,(G)+4'(D) two-exciton
states. (Their energies are listed in Table V. )
These have peak absorption coefficients of about
3 cm ' and linewidths of 5 cm, with the first line

1
being only about & the intensity of the others. Only
one exciton at 27983 cm is seen for the 6A,- T~(D) transitions. It appears in m-polarized
light and thus is a I', , I'4 exciton. No attempt has
been made to identify the two-exciton lines.

B. RbMnF3

The T, and 'A„E single excitons and exciton-
magnon transitions in RbMnF3 have been studied

by Chen et al. ' They observed two of the T~ exci-
tons at 18221 and 18227 cm '. We find these exci-
tons at energies of 18229 and 18234 cm '. ' A

third transition at 18239 cm ' is observed when a
[001j uniaxial stress is applied to the sample. Our
results indicate that it apparently has a very small
intensity (absorption coefficient &Gx10 ~ cm ') in

the unstressed crystal. Chen et al. have assigned
these three lowest excitons to those constructed
from the l, =+1, 0, m, = —,

' substates of the Tj man-

ifold, the 5-cm splitting being due to the spin-
orbit interaction. From this 5-cm splitting they
extracted a value of 19 cm ' for the spin-orbit
parameter g~~ instead of its usual value of 300
cm, and suggested that it was quenched by the
presence of a dynamic Jahn- Teller effect. How-

ever, besides the contributions to the splittings
from spin-orbit coupling within the T& state, there
are also second-order contributions from coupling
with the higher E(f ~e~) states which are of order
10 cm '. This complicates the analysis of the 4T,
exciton spectrum. Whatever may be the case, it is

I

20
I I

40 60

u-t~ (cm ')

80 100

FIG. 5. Comparison of the fine structure in the ab-
sorption spectrum of RbMnF3 for the (a) Tf(G)+ Af E,
(b) 4Tf{G) +4Tf(G), and (c) 4Tf transitions. The values of
po are (a) 43302, (b) 36827, and (c) 18227 cm '.

evident that there may be sizable mixings between
the states with m, = -2 and those with m, 4- &,

therefore, it is important not to neglect spin-orbit
interactions in discussing the two-exciton states
and their selection rules.

The Tj exciton spectrum that we obtained is
shown in Fig. 5(c). A magnon sideband peaks 57
cm away from the lowest-energy exciton and has
a sharp cutoff of intensity at 73+0. 5 cm away
from each exciton. The critical points which can
contribute to the intensity of the magnon sideband
are the I. and Wpoints. From neutron scattering
experiments, " a measured value for the zone
boundary magnon energy at the L and 8'points is
Vl + 6 cm '. Except for exciton dispersion effects,
the energy of the magnon sideband cutoff is identi-
cal to the L-point magnon energy. (Exciton-mag-
non interaction effects change the shape of the
magnon sideband, but not the cutoff energy. ~~) The

T, excitons probably have less than a 0. 5-cm '
dispersion in RbMnFB (as they do in MnF3). There-
fore, we have a relatively accurate measure of
the I.-point magnon energy.

We observe only two cutoffs of the magnon side-
band, corresponding to the two visible exciton
lines. There is no magnon sideband seen for the
apparent third transition at 18239 cm ~. Its ab-
sence is somewhat surprising since there is no se-
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magnon processes are expected to be weak.
The lowest two-exciton line occurs 72 cm 'below the

sum of the energies of the ~E excitons (25145 cm ')
and the lowest 4T, exciton (18229 cm '). This in-
teraction energy is larger than one might expect
from the changes in the excited-state exchange
alone and perhaps indicates a phonon contribution
even though the 4E excitons are not strongly cou-
pled to the lattice. We shall discuss the assign-
ments of these lines along with those of the
4T, +4T, lines in Sec. V.

2. Ti(G)+ Ti(G)

FNERGY (105 crn-1)

FIG. 6. Transmission spectrum in the 2'&(G) + A~,
two-exciton region for a 0.1-mm-thick RbMnF3 crystal.
The ordinate zero is arbitrary.

lection rule forbidding it.
There are other features of interest shown in

Fig. 5(c). These are three weak lines at 90, 95,
and 99 cm ~ away from 18 229 cm ~. (Although only
two lines are apparent in the figure, careful anal-
ysis of the spectrum shows three lines. ) A peak
appears at 1& 377 cm ', approximately 60 cm '
higher, which apparently is the magnon sideband
for these lines. These transitions could be due to
the creation of single excitons or of excitons plus
a yhonon; unfortunately, presently there is no way
to distinguish between these possibilities.

On1.y one ~A&, E exciton is seen at 25 145 cm
in the unperturbed crystal. Chen" observed the
behavior of the A„E excitons in magnetic fields
and under uniaxial stress. Novikov et al. 3 investi-
gated the effects of magnetic fields up to 300 kOe
on this transition. For either uniaxial stress or a
magnetic field the 25145 —cm line splits into two
components which are believed to be the Ee and
E& excitons. The position of the A, exciton is not

known at this time.

1. Tg(G) + ~Ag, 4E(G)

The spectrum in the region of the expected
T,(G)+'A„E(G) transitions is shown in Figs.

5(a) and 8. There are two obvious zero-phonon
'lines at 43 302 and 43 307 cm '. The 43 360-cm '
shoulder has the same width (as determined from
the derivative of the absorption curve) as the lower
lines and thus is likely a third zero-phonon transi-
tion. The same applies for the barely resolved lines
at 43393 and 43398 cm '. The sideband at 70 cm '
away from the origin suggests itself as a magnon
sideband. However, in the phonon band there ap-
pear strong harmonics of 70 cm ~ out to the twelfth
harmonic. Thus, the 70-cm ' peak is probably a
vibronic, rather than a magnon, mode since multi-
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l
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FIG. 7. Transmission spectrum in the g&(Q}+ p&(Q)
two-exciton region for a 1-mm-thick RbMnP3 sample.

Figure 7 shows the absorption lines of the dou-
ble T~-exciton transitions with the energies listed
in Table D. Twice the energy of the lowest ob-
served T, exciton is about 36460 cm '; the lowest
observed two-exciton line is 370 cm higher. In
contrast, the peak of the two-exciton phonon side-
band is close to twice the one-exciton band energy.
This is a substantial exciton-exciton interaction.
However, the large exciton-exciton interaction is
not so surprising once one realizes that a fairly
large lattice distortion accompanies the T, exci-
tons, as indicated by a Huang-Rhys factor of about
4. 5. The two Mn ions share a common fluorine
anion; therefore, the yresence of two excitons with
their distortions on neighboring Mn ions is expected
to lead to a large interaction.

There are seven lines which are visible in this
region, and their energies are given in Table V.
The lines 47 and 51 cm ' away from the main line
are not quite resolved, and there is also a weak
line 5 cm ' to lower energy from the main lines,
which was found from an analysis of the line shape
of the strong line. The 152-cm ' peak has a larger
width than the other lines and may be a sideband of
the 36832-cm ' line.

If we compare this set of two-exciton lines with
those of the A„E+4T,(G) group, and also with
those of the 4T, single excitons, we see that the



3150 S TOKOWSKI, SE L L, AND GU GGE NHE IM

56855

E 36845
O

FIG. 8. Stress behavior of the
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groups are amazingly similar. This is demon-
strated in Fig. 5. The double Tj exgitons appear
at —5, 0, 47, 51, 85, and 92 cm ' with respect to
36 832 cm '; the 4A„4E+4T,(G) excitons are at
—5, 0, 53, 86, and 91 cm ' with respect to 43307
cm '; and the T, single exciton lines, at -5, 0,
85, 90, and 94 cm ' from 18 234 cm '. It is hard
to imagine that this is coincidental, especially the
persistance of the 5-6-cm ' splitting in the lowest
lines. One expects that the exciton-exciton inter-
action would modify any splittings of the 4Tj mani-
fold. Since the modification is not seen, one con-
cludes that the 5-cm splitting is not sensitive to
the exciton-exciton interaction. This is surprising
since the splitting is believed to be due to spin-or-
bit coupling modified by a Jahn- Teller effect, which
should be affected strongly by the presence of an
axial field along a (001) axis, such as would be pro-
duced by a neighboring Mn ion in an excited state,
since the exchange field and the spins lie along the
(111)axis.

This leads us to an interesting question: Is the
dispersion of the excitons sufficient such that during
the lifetime of the two-exciton state the excitation
can be considered as being shared by the six equiv-
alent pairs around a given lattice site T Clearly if
the double excitation resides on a given pair, the
exciton-exciton interaction has axial symmetry;
whereas, if the excitons are not localized, the
interaction is averaged to cubic symmetry. Our
results would seem to indicate the latter.

3. Stress Behavior of T, + T, Excitons

There are twelve excitons which can be con-
structed from the Tj manifold of Mn '. The two-
exciton transitions will be observable to those
combinations of states which have m, = —& charac-

ter on. one sublattice and m, = 2 on the other. In the
absence of spin-orbit mixing, there are three of
these on each sublattice, which can be labeled
(0, +2) and (+1, +—,'). Thus, in the absence of spin-
orbit coup1ing at most three two- exciton transitions
could be seen. However, spin-orbit coupling can
mix these states into higher-energy states, thereby
providing transition strength for more two-exciton
transitions.

Taking a cue from the success of uniaxial stress
measurements in the identification of the two-ex-
citon transitions in MnF3, we have looked at the
uniaxial stress behavior of the double T& excitons
in RbMnF3 in hopes of identifying the particular
combinations of excitons in the T, + Tj spectrum.
In Fig. 8 we show the behavior of the 36 832-cm '
line under [001]stress. The component labeled
A in the figure appears in o polarization only and
has an intensity of 6. 5 in arbitrary units. At low
stress the C line increases in intensity at the ex-
pense of the B 1ine. However, at about 0. 9 kbars
the 8 and C lines coalesce into one line which has
a polarization ratio of 4. 5: 1 (r:o). The other two-
exciton lines (not shown) split into two groups which
have stress behaviors indentical to those of the A

and B transitions, respectively. There are also
some intensity changes such that the A group con-
sists of the A transition plus the lines 63, 92, and

152 cm above A, and the 8 group consists of the
8 line and lines 52, 92, and 153 cm ~ higher. The
lines in each group have the same polarizations as
the main line except for the 63-cm line in group
A which is s polarized. Under a [111]uniaxial
stress no splitting or polarization of the two-ex-
citon lines is seen, and the lines shift to higher
energy at 8. 5 cm '/kbar.

The stress behavior of the double T~ transitions
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appears not to be related to the behavior of the
Tz excitons in any simple way. Chen et al. ob-

serve that of the lowest three excitons, two move
down in energy by 18.4 cm /kbar and one goes up

by 9.6 cm /kbar under [001]uniaxial stress. A

[111]uniaxial stress shifts all the lines down by
9. 3 cm '/kbar. The two-exciton transitions show
the opposite behavior. However, this behavior is
not surprising once we consider the fact that the
exciton-exciton interaction is quite large for the
T, excitons. Thus, we have to consider the stress

dependence of both the single-exciton energies and
the exciton- exciton interaction.

In the one-exciton spectrum a [001]stress sep-
arates out the z and x, z components of the Tj
states; this splitting is measured as 28 cm /kbar.
Our measured splitting rate of the two-exciton
lines above 0. 9 kbars is ll cm '/kbar. Quantita-
tively the stress splitting does not appear to come
from this source, and one must look to possible
changes in the exciton-exciton interaction energy.

The stress dependence of the exciton-exciton
interaction will arise from a change in the bond
length between the ion pairs. The bond length of
the pair parallel to the [001]stress direction de-
creases by is„P+0» i, and the bond length per-
pendicular to the stress increases by l s» P~oo& I .
Under a [ill] uniaxial stress both bond lengths de-
crease by I- (s~~, 2+s~~)P, »g, I. If we assign the A

line to the pairs parallel to the stress and the B
line to the perpendicular pairs, the polarizations
of the A and B lines agree with the selection rules
given in Table V, except that the 8 line has a small
amount of intensity in 0 polarization. Aside from
accidental degeneracies, it is difficult to see how
the 8 line can have intensity in both polarizations,
given what we think are the symmetries of the pair.
The symmetry of the pair is probably lower than
we expect, perhaps because of a spin canting in the
excited state. Spin canting for the perpendicular
pair is a distinct possibility, since the axial field
of the pair is perpendicular to the spin direction.
In the excited state the anisotropy field, through
the action of spin-orbit coupling, may lie along
the pair axis. If the anisotropy energy is on the
order of 40-50 cm, this would lead to a detect-
able amount of spin canting.

In contrast to the observed stress dependence of
the interaction between two T& excitons in RbMnF3,
no such effect was observed in MnF&. This dif-
ference is probably attributable to the structure
of the pairs. The primary effect of a [110]stress
on the Mn-F-Mn bond in MnF3 is a change in the
bond angle; whereas, in RbMnF~ a [001]stress
affects the total bond length directly.

In conclusion, the explanation for the stress be-
havior of the T&+ Tq exciton lines seems to be
qualitatively correct, but there are many details
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FIG. 9. Transmission spectrum in the A&, E+ A),
E two-exciton region for a 0.1-mm-thick HbmnF3 crys-

tal.

V. SUMMARY

In this paper we have presented work on the two-
exciton transitions which appear in the near-ultra-
violet spectra of MnF~ and BbMnF3. From an
analysis of the data we have been able to determine
the source of the interaction between excitons, to
identify particular two-exciton zero-phonon lines,
and to discuss other properties of the two-exciton
state. Although much further research remains to
be done on the statics of the two-exciton combina-
tions, a study of their dynamics has great appeal.

yet to be explained.

4. Ai, E(G)+4Ai, E(G)

The two-exciton spectrum for these transitions
is shown in Fig. 9. We observe three weak lines,
which are indicated by arrows in the figure. The
lowest line has an energy of 50 281+4 cm ~ and a
width of about 20 cm ~, which is limited by our
instrumental resolution. The absorption transition
at 50 281 cm ' is 9+ 4 cm ' away from twice the en-
ergy of the one-exciton state (60290 cm '). Its
energy can be affected by exciton dispersion and
the exciton-exciton interaction. The proximity of
this line to the expected energy of the 4E double
exciton means that, unless the two effects cancel
each other, both the dispersion and the interaction
between the excitons are relatively small.

The two other structures indicated in the figure
may be sidebands to the 50281-cm ' line, but the
possibility that they are zero-phonon lines cannot
be discarded. There is also a relatively large
amount of intensity in the phonon band, mech larger
than one might expect on the basis of the one-ex-
citon band. The total integrated intensity in the
two-exciton band is 1.2x 10 ', compared with
9. 5x 10 for the A&,4E exciton-magnon transition.
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Qf particular interest would be the yossibility of
producing emission from the two-exciton state or
excitonic molecule by creating large numbers of
single excitons with laser light. Further, the dis-
persion of the excitonic molecule and its yossible
decay modes are of interest.
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