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Some peculiarities of the structure of pure exciton and exciton-magnon light absorption bands in the
region of the 6Alg(eS) — "Alg“Eg("G) transition in weakly ferromagnetic KMnF; are observed and

analyzed. It is shown that the splitting of pure exciton lines and the variation of the magnon frequen-
cies at points W and U in the Brillouin zone make an additive contribution to the change of the exciton-
magnon absorption band in a magnetic field. This may be regarded as proof of the weakness of the
exciton-magnon interaction for the GAlg("S) — "Alg“Eg(“G) transition in KMnF;. The conclusions are

valid for a similar transition in RoMnFjs.

E XCITON-magnon bands have in recent years been
observed in the absorption spectra of light of most in-
vestigated antiferromagnetic crystals. The problem of
the fine structure of these bands has practically not
been touched upon in the literature. It should, however,
be noted that the nature of the fine structure of the
exciton- magnon absorption attests to the general nature
of its origin in a series of magnetically ordered crys-
tals in which it has been observed (RbMnF3;, KMnFj;, and
CsMnF;). Therefore the study of the nature and features
of this structure for one of these crystals would facili-
tate the understanding of its origin for a whole series of
compounds.

The present paper is devoted to a detailed investiga-
tion of the fine structure of pure exciton and exciton-
magnon absorption using the example of the 6Alg(‘*S)

— '*Alg“Eg("G) transition (the C group of bands) in the
spectrum of antiferromagnetic KMnF; which is weakly
ferromagnetic. Because of the relatively weak magnetic
anisotropy, it is possible to vary the magnetic structure
of this crystal and the magnon spectrum by not too
strong a magnetic field. It is precisely this circum-
stance which made it possible to understand the nature
of the fine structure of the exciton-magnon bands and
its behavior in an external magnetic field.

The method of the low-temperature investigation of
crystals in a magnetic field using polarized light has
been discussed previously.*’ The absorption spectrum
was recorded with a DFS-8 diffraction spectrograph
having a linear dispersion of 3 A/mm at T = 4.2°K. The
magnetic field was varied between 0 and 25 kOe with the
aid of an SP-47 electromagnet. An Ahrens polarizer
was used to polarize the light.

The particulars of growing the KMnF; single crystal
and the results of an x-ray structure analysis of the

investigated sample have been presented in'?!.

1. THE CRYSTAL AND MAGNETIC STRUCTURE OF
KMnFg

At room temperature KMnF; has a perovskite type
structure which it retains down to T = 184°K (space
group Of).®! A series of tetragonal lattice distortions
takes place as the temperature is further decreased. At
T < 81°K the crystal has a distorted perovskite struc-

ture with the space group D,f,. The distortions manifest
themselves in weak tetragonality (c/a = 0.9985) along
with a tilting and rotation of the octahedra surrounding
the Mn®* ions (Fig. 1). The octahedra for the magnetic
ions 1 and 3 and 2 and 4 are respectively tilted in oppo-
site directions along the x axis. However, all octahedra
in one column (along z) are rotated to the same side.
Thus there are four types of pseudocells in the crystal.
The octahedra surrounding, for example, the ions 2 and
4 are tilted to one side but rotated about the z axis in
opposite directions.

In the temperature range of 88—81°K KMnF; is a
collinear antiferromagnet.®”*! At lower temperatures
the collinearity of the magnetic moments of the sub-
lattices is destroyed and a phase transition takes place
to the state with weak ferromagnetism. Regardless of
the fact that the space group permits four sublattices,
Heeger et al."? have provided evidence for a two-
sublattice model for the weakly ferromagnetic KMnF;
(for more detail, see Sec. 3 of this article). At T = 4.2°K
the magnetic structure belongs to the so-called G-type
configuration in which the two sublattices form two
interpenetrating face-centered sublattices with opposing
spins, producing a magnetic lattice with a NaCl type
structure. The magnetic primitive unit cell contains
two structural units of KMnFs;.

2. PECULIARITIES OF THE BEHAVIOR OF THE FINE
STRUCTURE OF EXCITON-MAGNON BANDS IN A
MAGNETIC FIELD

The absorption spectrum of KMnF; in the region of
the C group of bands is shown in Fig. 2. The results of
previous work® " have made it possible to connect the
weak magnetic dipole lines Co and C; with the pure exci-
ton transitions °A1g(“S) — “Eg("G) and sAlg(“S) — "Alg("G)
in Mn** respectively. The shape and the temperature
dependence of the frequencies of the electric dipole
bands C; and C4 made it possible to consider them
exciton-magnon satellites of the bands Co and C; respec-
tively, differing from the latter by the magnitude of the
maximum of the magnon frequency at the Brillouin zone
boundary vy, ~ 80 cm™.

The features of the C, band did not contradict the as-
sumption that it is a two-magnon satellite of the C, band.
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FIG. 1. Distortions of the fluo-
rine octahedra for four neighboring
Mn?* ions in the KMnF; lattice; O
and © — Mn?* ions with spin orien-
tations — and + respectively; @ —
F~ ions;n — 0.060a, € =0.05a, £ =
0.06a.[3]
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FIG. 2. Absorption spectrum of light of KMnFj in the region of the
C group of bands for crystals of various thicknesses d in unpolarized
light, T = 4.2°K. The doublet C,/C} is shown with polarized light, on a
magnified scale (E is the electric vector of the linearly polarized light).

The separation between these bands, 140 cm™, is less
than 2 v, ~ 160 cm™; this can be related to a distortion
of the maximum magnon frequency due to the strong
exciton-magnon interaction in this complex three-parti-
cle process.

These conclusions were drawn on the basis of inves-
tigations of the spectrum of KMnF; with unpolarized
light. The investigation of the spectrum with polarized
light, undertaken for the first time in this work, has
shown that the C, band is a doublet of sharply polarized
bands C,/C}, the separation between which is
A =2.5 cm™. Figure 3a shows the behavior of this
separation as a function of the intensity and orientation
of an external magnetic field relative to the entire sym-
metry of the crystal. The frequencies of the C,/C}
doublet do not react to the external magnetic field
parallel to the z axis of the crystal up to H = 20 kOe;
on further increasing the field, the separation A de-
creases somewhat. A complicated dependence of the
separation A on the intensity of the external magnetic
field is observed in the case when H I x.

The behavior of the frequency of the magnetic dipole
band C, in a magnetic field is considerably simpler
(Fig. 3b). In the absence of a magnetic field one
observes a single unpolarized band C, (v = 25134.3 cm™)
which does not react to an increase of the external mag-
netic field parallel to the z axis. For the case H Il x this
band splits into a doublet of unpolarized lines, the maxi-
mum interval between which is reached in a field
H ~ 6 kOe, and does not change on further increasing
the field.
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FIG. 3. Dependence of the frequencies of the C-group bands on the
intensity of the external magnetic field for two orientations relative to
the symmetry axes of the KMnF; crystal: a — for the doublets of the
electric dipole bands C,/C}; b — for the magnetic dipole band C,. The
points show the experimental results for T = 1.35°K: @ — the electric
vector E of linearly polarized light is parallel to the z axis, O — E || x.
The dashes show the calculated curves; one of these is a sum of the
frequencies of the C, band and of the magnon frequency at the point
W, corresponding to a given external field, the other is the sum of the
frequencies of the Cg band and of the magnon frequency at the point
U (see Sec. 3).

3. DISCUSSION

In discussing the experimental results we start out
from the previously accepted identification of the bands:
Co is a pure exciton transition and the C,/ C} doublet
corresponds to exciton-magnon transitions. Knowing
the local symmetry group of the ion absorbing the light
and the factor group of the magnetically ordered crys-
tal, we can find by Loudon’s scheme®®’ the fundamental
properties of the pure exciton and exciton-magnon ab-
sorption bands. Before we carry out a group-theory
analysis for the case of interest, we shall dwell in more
detail on the problem of the possible spin configurations
of weakly ferromagnetic KMnFs.

The appearance of a weak ferromagnetic moment
connected with the destruction of the collinearity of the
magnetic moments of the sublattices can be due either
to the single-ion anisotropy or to the antisymmetric spin
interaction (Dzyaloshinskif interaction).'®! The micro-
scopic theory of the destruction of the collinearity of
the magnetic moments as an illustration of the case of
single-ion anisotropy was developed for the case of
KMnF; from the following considerations.’'” The low
symmetry of KMnF; connected with distortions of the
octahedra produced by the fluorine ions leads to the ap-
pearance of single-ion anisotropy. It is readily shown
that the potential of the crystalline field coincides for
ions 1 and 3 but differs from the potential for ions 2
and 4 (Fig. 1). From general considerations of the
spin Hamiltonian the energy of the single-ion anisotropy
is an expansion in powers of spin components and trans-
forms in the same way as the potential of the crystalline
field. In this connection the anisotropy energy will be
the same for the pair of ions 1 and 3 but will differ
from the analogous energy of the pair 2 and 4. This en-
titled Heeger, Beckman, and Portis™?! to consider KMnF;
as a two-sublattice antiferromagnet with different
single-ion anisotropy energies for the two sublattices.
The latter leads to a destruction of the collinearity of
the magnetic moments of the sublattices due to the fact
that the easy directions of their spins do not coincide.
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The Hamiltonian for two-sublattice KMnF; with ac-
count of the symmetry of the positions of the fluorine
ions can be written as follows:

#=— TuSSp— 3 JuSnSmwt 3 J1SiSm — Au(J Sk + D 8%)
I#=m l m

1 mytm’

_ A,(; S12St: — ) SeSems) — guH (%‘, Si4+2Sm)s (1)

where the first three terms describe the intra and

inter exchange interaction between ions of the / and m
sublattices (all exchange integrals are positive), the
fourth term gives the usual single-ion anisotropy, the
nature of which has been discussed in detail in!**?, the
fifth term is connected with the difference in the single-
ion anisotropy of the ions of the two sublattices, and the
last term is the Zeeman energy.

The problem of the determination of the fundamental
states and spectra of the spin waves for KMnF; in an
external magnetic field has been presented in full in'*?!
using the usual methods of quantum mechanics.'®! In
this paper we present only the basic results of the cal-
culation.

The two possible configurations with weak ferromag-
netism in the absence of an external magnetic field are
shown in Figs. 4a and b. The state of type b has the
lowest energy. Therefore, in the absence of an external
magnetic field the state should be realized in which the
magnetic moments of the sublattices orient themselves
close to the x axis and deviate from it in such a way
that the weak ferromagnetic moment is parallel to the
z axis. This is in agreement with the experimental
data.™! The state a, which is close to state b in its
energy, is readily realized with the aid of an external
magnetic field Hop = 6400 Oe.'*! In this connection we
shall analyze the main properties of the exciton and
exciton-magnon absorption bands of KMnF; at special
points of the Brillouin zone both for the magnetic con-
figuration a as well as for b'.

The Brillouin zone of paramagnetic KMnF; is a cube
with sides 27/a. In the ordered state when the unit cell
doubles the volume of the Brillouin zone is conserved.

z 4
C
6
: S, g
8, Sm = z
z § Sm

FIG. 4. Possible configurations with a weak magnetic moment for
KMnF; in the absence of an external magnetic field: a — 07+ 0y
=wtan (0] —O0m) = Ay/(12T 1, + A));b -0 +0; =0, tan (0] — Omm)
= —A,/(12J,, — A,). Case ¢ — rotation of the magnetic moments of the
sublattices from the configuration b in an external magnetic field
parallel to the x axis.

DThe complete group-theoretical analysis of exciton and exciton-
magnon processes in weakly ferromagnetic KMnFj is given in ['*]. The
space groups of the crystal and the local groups of the Mn?* ions are
presented for the cases in which the spins are oriented parallel to the z
and x axes. The types of exciton and exciton-magnon transitions, as
well as the selection rules for their observation at all special points of
the magnetic Brillouin zone, are determined.

Its shape is close to that of a truncated octahedron and
is practically identical with the Brillouin zone of a face-
centered cubic structure whose symmetry has been dis-
cussed in'"®! (the small deviation from a regular octa-
hedron is connected with the fact that a is somewhat
larger than c).

The local group of the Mn?* ion for the configurations
a and b is Cj; the factor group of the crystal D, (C,p)
also coincides for both configurations. The wave func-
tions of the Mn®** ion transform like the I'} representa-
tion of the group C;. The process of the production of
excitons from single-ion excitations for the two Mn*"
ions at the I"(0, 0, 0) point of the Brillouin zone (k = 0)
is shown schematically in Fig. 5. The excitons and
magnons are transformed by the same representations
of the factor group of the crystal. Since none of the
representations of the factor group D,}(C,,) has any
additional degeneracy connected with a time-reversal
operation, all the excitons are nondegenerate and are
components of the Davydov splitting. Both excitons are
active in the magnetic dipole process: I'] in the case
when the magnetic vector h of linearly polarized light is
parallel to the x axis of the crystal, and I's>—when h Il z
and y.

Experimentally one observes for H = 0 a single,
somewhat diffuse, unpolarized magnetic dipole line
which practically does not react to a switching on of a
magnetic field of intensity up to 25 kOe along the z axis
and splits into a doublet when the external field is ori-
ented along the x axis (Fig. 3b). Here we shall not dis-
cuss in detail the splitting of the pure exciton band C,.
We merely note that its behavior when the KMnF; crys-
tal is placed in an external magnetic field is analogous
to the behavior of the 25143.5 cm™ magnetic dipole line
in the RbMnF; spectrum.'®! On the other hand, we use
the obtained experimental results concerning the be-
havior of the Co band in an external magnetic field in
discussing the behavior of the fine structure of the
C1/C} doublet.

The irreducible representations of excitons and mag-
nons for special points of the Brillouin zone consistent
with the corresponding representations at the point
T (0, 0, 0) for the magnetic configuration b are shown in
Fig. 6. The selection rules for double transitions in

I'[ 12* :_ r*
7
FIG. 5. Exciton production scheme . .
from single-ion excitations for Mn?* I I
in KMnFj;; EL — exciton levels for + + +
k=0. 5 R ) ——
Single-ion levels EL

and transitions

FIG. 6. Irreducible represen-
tations of excitons and magnons
for symmetric points of the Bril-
louin zone of KMnFj, consistent
with the corresponding represen-
tations at the point I'(0,0,0) for
the case when the magnetic mo-
ment is parallel to the x axis of
the crystal.
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which excitations at points with wave vectors k and —k
at the boundary of the Brillouin zone participate simul-
taneously (see the table) were obtained by the method of
Lax and Hopfield."'”! 1t follows from the table that the
contribution to the electric dipole absorption can only
be due to the points W(rn/2a, 0, n/c), K(37/4a, 31/4a, 0),
and U(r/4a, n/4a, n/c) of the Brillouin zone. Only these
points turn out to be active also in the case of the mag-
netic configuration a,'!

In order to explain the nature of the separation A
between the components of the C,/ C doublet we shall
attempt to estimate the energy of the spin waves at the
points W, K, and U for various directions of the mag-
netic moments of the sublattices. The two branches of
the spin waves for the basic spin configuration b for
H = 0 are of the form'**!

(E\/ g2 = [vu(k) + viz(k) [y (k) — yiz(k) cos 28]
+ i1 (k) (Hg -+ 2H 4, -+ 5H 4, 5in 8))
+ Yl?(k) (—HE cos 20; -+ ZHA, + 3HA, sin 61)

+ (2HeHa, + 48 a2) [1 + (Ha,/ Hz)?, (2)
(E2/ gu)? = [yu (k) — vi2(&) ] [y (k) + yiz(k)cos 26,]
+ yu (k) (Hg 4 2H 4, + 3H 4, sin 6;)
+ yiz(k) (—Hg — Ha,sin0; - 2H 4, cos 28;)
4 (2HeH A, + Ha2) [1 4 2(Ha4, [ HE)?],
where
81uS [
k)= 3—Yu(k)], yi(k)=——[Yp(k)— 3],
Y1t (k) 2 [ u(k)],  yi(k) o [Yie(k)— 3]
Y11(k) = cos kzacos kya + cos ke acos k; c + cos kyacosk;,c,
Y12(k) = cos kxa + cos kya+ cos k, c; (3)
2408 48

AS
= =1,6-1080€, Ha =120 =25 Ha=2"2"=13005.
N gp gu

The last terms in both expressions (2) give the anti-
ferromagnetic resonance frequency (k = 0).

From Egs. (2) one can readily show with the aid of
the known parameters (3) that for H = 0 the frequencies

Product of representations of points Expansions in Polarization*
on the Brillouin zone boundary representations
with wave vectors k and —k of the factor MD ED
(magnetic configuration b) group Dop(Cap) | Process | process
NxXi=Yiy|=27z{ (=1, 2 Iy hz
712, =X X, =YY} r hliz,y
WiWi(i=1, 2) Iy hiz
T; hiz,y
s { ry Efz
o r; hijz,y
WW, (i=3, 4 [ . -
_— I} hi|z
"l { r E|z
ry hiz
Lili=L'Ly { I‘}; bz, y
KK =Ky Ky =UU; =UyUy { FI hiz
i=1, T, Efz,y
+
Ki\K:=K{'Ky' =U1U2=Ur'U>’ { Il::_ hizy |

*Here MD and ED are magnetic dipole and electric dipole processes re-
spectively; E and h are the electric and magnetic vectors of the linearly
polarized light; x, y, and z are the symmetry axes of the crystal (Fig. 1).
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of the branches E; and E; coincide at any point on the
boundary of the Brillouin zone with an accuracy to
within 10™* cm™. Therefore the observed separation

A =2.5+ 0.5 cm™ cannot be explained by the excitation
of two branches of the spin-wave spectrum at a definite
point of the Brillouin zone. However, the frequencies of
these branches at different points of the Brillouin zone
differ from one another as follows:

Point of the Brillouin zone w K U
Ei=E;, cm? 78.4 77.3 76.2

The frequency difference at the points W and U equal to
5 = 2.2 cm™ gives a quantity close to the observed
separation. Consequently, one could relate the C; /C1
doublet with the excitation of magnons at the points W
and U respectively. This assumption does not contra-
dict the polarization properties of the components of
the doublet (see the table)?’.

In order to confirm the above assumption, we shall
consider the change of the magnetic configuration and
the magnon frequency at the points W and U when the
intensity of the external field along the x axis is in-
creased. A calculation shows that the magnetic moments
should then rotate (Fig. 4c) until at Hyy the total mo-
ment becomes parallel to the external field. The be-
havior of the system for H = 0 is described by the
angles o and 6 (Fig. 4c).

The dispersion law for the range of fields 0 < H
< Hgyp is of a complex form and the two branches can
be represented as follows:

(E\/gn)2 ="zl (a1 + ¢+ di 4 b) (11 4+ ¢ —di — b)
+ (a2 +c+de + b) (a2 4+ ¢ — da — b) ],

(E2/ gn)* = el (@1 — ¢+ di — b) (@1 — ¢ — di 4 b)
+ (a2 —c+dz —b) (@2 — c — d2 +- b) ],

(4)

where

ay—dy=2d+f, a+d =4d+f,
= vu(k) + 2 Hg cos 2a + 2H 4, + H (sin 0 sin a - cos 8 cos a),
ap—dy=2d+f, aa+dp=4d+f,
= vyu(k) + YoHgcos 20 + 2H 4, + H(sin 0 sin ¢ — cos 6 cos a),
b + c = ——1/5HEY|2 (k) cos 2(1, c—b= l/sleYm(k),
d, = '/oH 4,(sin 2a cos 20 — sin 20 cos 2a),
dy = /2H 4,(sin 2a cos 26 + sin 28 cos 2a).

The two spin-wave branches for fields H.,. < H < Hp
are of the form

(ﬁ‘_)z =[yu (k) + vi2(k)] [yu (k) — y12(k) cos 2a]

gn
6HAH SHa? H?
— > 9 —_
+yu(k) (Hz e — et HE)
| AHAH  3H.P H?
— y12(k) (HE+2HA.TTE H—E H—E)
HaH  Ha?
(02— SHAH + 402 — 2l (1 =+ )
E2\2
(E) = [ysa (k) — Va2 (k) ] [y () + ez (k) cos 2a] (5)

2H 4,
+ 'Yu(k) (HE - —HE Hz Hz

Hs?2 H? )

L BHa? R )

—va(k) (Hz+ —

2 The fact that the separation between the C,/C} doublet and the
pure exciton band Cq exceeds the magnon frequency can be understood
if it is assumed that the width of the exciton band is ~ 4 cm™.
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(H+2H,,) (H—Ha,)
Hg?

— Ha(H—Ha) [1 -

Using expressions (2), (4), and (5) with known param-
eters (3), one can obtain the dependence of the magnon
frequencies (E, = E,) at the special points W and U of
the Brillouin zone on the intensity of the external mag-
netic field (Fig. 7). With allowance for the behavior of
the pure exciton absorption line (Fig. 3b) these results
make it possible to understand the behavior of the
C./C1 doublet.

In fact, in the case when the external magnetic field
is parallel to the z axis both the fundamental band C, as
well as its magnon satellites C; and C} connected with
magnon excitation at the points U and W respectively,
do not react to an increase of the intensity of the ex-
ternal magnetic field. This attests to the absence of
any effect of the external field in this case either on the
exciton or on the magnon bands of the crystal. The
latter is not surprising since the applied fields are
essentially small compared to the exchange field Hg.

The more complicated behavior of the C;/C} doublet
in the case when H Il x is also understood. It is seen
from Fig. 3a that the experimentally observed behavior
of the components C, and Ciis qualitatively, and for the
case of fields 0 < H < 3 kOe also quantitatively, quite
satisfactorily described by the sum of the frequencies
of the components Co/C; (Fig. 3b) and of the calculated
magnon frequencies at the points W and U (Fig. 7).

Thus the attempt made in this paper to describe the
behavior of the exciton-magnon bands C,/C; by a sim-
ple superposition of the frequency change of the exciton
and of the magnon in a magnetic field has also turned
out to be successful in the case of KMnF3;. The obtained
result can be viewed as an additional confirmation of
the exciton-magnon nature of the C,/ C} doublet in the
C group of bands of KMnF;. It also means that in the
case of the transition under consideration the exciton-
magnon interaction is weak. This is in agreement with
the fact that the interval C, — C; exceeds the frequency
of the magnon at the boundary of the Brillouin zone by
only 4 cm™.

Starting from the analogy in the structure of the
exciton- magnon band of the transition °A (°s) — “Alg,
“Eg(‘*G) in the crystals KMnF; and RbMnF;, one can

£,=E;, o™ FIG. 7. Dependence of the fre-
79 quencies of the spin-wave spectrum
7% W on the intensity of the external mag-
77 »  netic field H || x for the points W and

U of the magnetic Brillouin zone of
KMnF;.

infer that the conclusions regarding the weakness of
the exciton-magnon interaction and the nature of the
fine structure of the C,/ Ci doublet are valid for crys-
tals of both compounds.
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