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Our previous observations of pure exciton and magnon-assisted optical transitions in the *T;(*G)
state of Mn2™ ions in the layer-type antiferromagnet BaMnF, are analyzed in detail. The magnon
density of states and the line profiles of the one-magnon sidebands are calculated with the adoption
of a model in which only exchange interactions within the sheets perpendicular to the b axis are con-
sidered. The fits to the data allow us to obtain values of the exchange integrals J, and J, between
near-neighbor Mn?* ions along the a and ¢ directions of the crystal in very close agreement with
those obtained from neutron-diffraction data. In addition, distortion of the magnetic structure by
the application of a strong magnetic field is shown to act directly on the exciton dynamics; it con-
firms its quasilocalized character at zero field as well as the exchange nature of the interionic in-
teractions which allow the exciton to migrate in the crystal when the external field is switched on.

I. INTRODUCTION

In antiferromagnetic manganese compounds the exci-
tonic excitations come from elementary optical transitions
within the manganese ions for which the spin projection
changes by unity. Thus when the interionic interactions
responsible for the collective nature of these excitations is
dominated by exchange or superexchange coupling, the
so-called Frenkel excitons can migrate only among fer-
romagnetically coupled manganese ions.! Since the ex-
change is short range, this spin selection rule may confine
the excitons to well-defined planes or chains of magnetic
ions depending upon the crystallomagnetic structure.

A number of works have appeared more or less recently
on the optical properties of the one-dimensional antifer-
romagnets such as (CH;),NMnCl; (TMMC),> CsMnBr;
(CMB),? or CsMnCl;-2H,0 (CMQO).*® In agreement with
the above rule, all of these studies indicate a quasicom-
plete self-localization of the optical excitations. Much
less attention has been addressed thus far to the charac-
teristics of the exciton dynamics in the two-dimensional
compounds.

In an earlier paper, we reported on very new fluores-
cence results obtained on the layer-type antiferromagnet
BaMnF, at low temperature.® We presented our observa-
tions of optical structures in the region of the pure exciton
state *T'1,(*G) of the Mn”* ions. Some of them were ten-
tatively assigned to pure excitons and the others to
magnon-assisted transitions. In agreement with the crys-
tallomagnetic structure, preliminary results on the time
evolution of the various fluorescence features indicated, as
in the one-dimensional systems, a quasicomplete localiza-
tion of the excitons.

We present now a calculation of the magnon density of
states and of the corresponding exciton-magnon line
shapes which are expected in emission as well as in ab-
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sorption. These theoretical results are compared with the
experimental data to ascertain our primary attributions
and to show the importance of exchange coupling in the
interionic interactions. The dynamical properties of the
system are reached through the analysis of the effect of an
applied magnetic field.

II. PRELIMINARY INFORMATION
AND EXPERIMENTAL DETAILS

Barium manganese fluoride (BaMnF,) exhibits a num-
ber of very interesting physical properties. At room tem-
perature, the crystal has a layered orthorhombic structure
[space group oC% (A2,am)] and lattice constants
of @ =5.9845 A, b=15.098 A, and c =4.2216 A.7 As
seen in Fig. 1 the structure consists of layered sheets of
linked (MnF4)*~ octahedra perpendicular to the b axis.
The octahedra are distorted with average Mn-F distances
of about 2.098 A. The crystal is strongly piezoelectric
and pyroelectric® and an incommensurate phase transition
takes place below the critical temperature T, ~250 K.° It
becomes antiferromagnetically ordered at ~52 K; order-
ing is complete by ~26 K (Ref. 10) and the spins align
along the b axis with a slight uncompensated component
along ¢ resulting in the existence of a very weak fer-
romagnetic moment in that direction.!! At 4 K, antifer-
romagnetic and nuclear magnetic resonance experiments
reveal a zone-center magnon energy of ~3 cm~!. Mag-
netic data'>!3 agree with an exchange field Hyz~500 kOe
and a critical field for spin flopping when a magnetic field
is applied along the b axis H.~9.8 kOe. In the end, as-
suming only one single-ion anisotropy and neglecting in-
terplane exchange interactions, neutron-diffraction re-
sults’ lead to antiferromagnetic in-plane exchange in-
tegrals along the @ and ¢ directions given by
Ji=—3.17+0.01 cm~! and J, = —4.55+0.01 cm~!.
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FIG. 1. Crystallomagnetic structure of BaMnF,.

The sample of BaMnF, that we examined measures ap-
proximately 23X 3 mm?® and was of good optical quali-
ty. Reference 6 treated the experimental conditions of op-
tical excitation more extensively. The fluorescence signals
were analyzed with the aid of a 1-m Hilger and Watts
scanning monochromator (8 A/mm in first order), detect-
ed with a RCA 31034-RF phototube and processed in an
Ortec photon-counting system.

The samples could be cooled down to less than 2 K
when immersed in superfluid helium with the help of a
helium bath Ardin cryostat. The sample chamber of this
cryostat was specially designed to fit in the magnet that
we used, a Bitter-type split-coil electromagnet allowing us
to obtain fields continuously up to about 125 kQOe.

III. EXPERIMENTAL RESULTS

The low-temperature emission spectrum of BaMnF, is
shown in Fig. 2. It consists of a broadband peaking
around 6360 A (Ref. 14) along with additional very weak
structures appearing on its high-energy side.® Similar
features were found on the low-energy side of the strongly
m-polarized broad phonon-assisted excitation band peak-
ing around 5200 A; this is shown here again for clarity in
the left part of the inset of Fig. 2. Doublets 4,/4, in ex-
citation, A} /A, in emission were tentatively assigned to
pure electronic transitions. The asymmetric sidebands
noted A; and A3 strongly resemble magnon sidebands;
they could be associated with the pure excitons A, and
A5 with characteristic magnon frequency intervals of 37.2
and 39.2 cm™!, respectively. These energy separations
slightly differ from those given in Ref. 6: the reader has
to retain the present ones since they result now from a

BaMnF;
T, (4G)1—A, 4S)
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FIG. 2. Broadband emission and excitonic structures en-
larged in the inset in excitation and in emission of BaMnF, at
T=2K.

careful substraction of the underlying background of both
the phonon sidebands and the pure excitons. Line A} is
seen as a phonon sideband of line A, with a characteristic
phonon frequency of 81 cm~1.1

In view of our analysis of the exciton dynamics, Fig. 3
shows the detailed time evolution of the A4, exciton
fluorescence. As opposed to that of the broadband, which
is strictly exponential with a time constant of ~49.5 ms,
the A5 exciton decay is made of two exponential com-
ponents with time constants 7,~6 ms and 7,~24 ms.
The weak A exciton fluorescence decays with the time
constant 7~~5.2 ms.%

Figure 4 gathers the variations of the 45 exciton decay
rate 7'}1, deconvoluted at short times, and of the integrat-
ed emission intensity as a function of magnetic field. The
intensity decreases and the decay rate increases quadrati-
cally with the applied field. The slow component of the
exciton decay 7, does not exhibit any appreciable change.
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FIG. 3. Time evolution of the A exciton fluorescence in
BaMnF, at zero field and T =2 K.
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FIG. 4. Magnetic-field-induced variations of the exciton de-
cay rate Tf‘ (A) and of the integrated emission intensity (O ).

IV. THEORETICAL INTERPRETATIONS

A. Definitions

At very low temperature, the cold magnon sidebands
observed in absorption can be more or less intense and po-
larized depending on the crystal-site symmetry of the
Mn?+ ions.> These transitions are attributed to the nondi-
agonal exchange-pair process proposed in the past!®!” in
which two near-neighbor manganese ions belonging to
two distinct antiparallel magnetic sublattices are excited,
one in a magnon state and the other in an exciton state.

In the case of the cold magnon sidebands observed in
emission, two possible processes can be involved. One is
attributed, as above, to a Tanabe-Moriya-Sugano ion-pair
process in which an exciton is annihilated on one ion and
a magnon is created on one of its nearest neighbors of the
same magnetic sublattice. The other process is a single-
ion process: it takes place within the same manganese ion
and the exciton decays directly to the magnon state which
is considered in the resulting transition.

In spite of these fundamental considerations, one ob-
tains, however, the same formal expressions for the matrix
elements of a single-ion or an ion-pair transition.
Neglecting the dispersion of the exciton, which applies in
most of the cases, these matrix elements transform as®

-

Mk,l,_:zeik'“"?.(Mﬁ,n‘.IS|EA,0> (1)
n
for ions o and n in the same sublattice 4, and
Nk’”zzeik'romg'(Mﬁm,ﬁIEA,o> )
m

for ions o0 and m in the opposite sublattices A and B. P
and & stand for the electric dipole operator and the opti-
cal electric field, | E) and | M) for the electronic and
magnetic wave functions. p labels the various magnon
branches.

The resulting expressions for the intensities of the cold
magnon sidebands in emission and absorption are given by
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Here E.,. and E%,, (k) are the exciton and magnon ener-
gies and Uy, and Vj , the canonical transformation coef-
ficients of the magnon operators.
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FIG. 5. (a) Dispersion curves for magnons in BaMnF, using
Ji==32cm ™}, J,=—4.55 cm™!, 4=0.01 cm™! (following
Ref. 9) (— — —); J1=—3.2cm™}, J,=—5.3cm™!, 4 =0.01
em™! ( ). (b) Transformation coefficient UZ,_, and
V;%,,‘=+ for magnons in BaMnF,.
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B. Magnon properties in BaMnF,

Here we treat first the magnon density of states in
BaMnF,, considering only exchange interactions within
the sheets perpendicular to the b axis of the crystal, then
the form of the canonical transformation coefficients of
the magnon operators. Assuming the same single-ion an-
isotropy H 4 in each site, diagonalization of the total mag-
netic Hamiltonian by a standard method!® enables us to
obtain the following dispersion relations:

ERSF =2S[(A +J,+J,)2 =1 £J5)]% . (5)
The positive sign is for the acoustic branch and the nega-
tive sign is for the optical branch.

J, and J, are the superexchange integrals along the a
and c directions and

PR ity (6)

28

Ji=J,coslkea/2),

(7

Jy =J,cos(k,c) .

The dispersion curves along k, and k, in the first Bril-
louin zone (BZ) are shown in Fig. 5(a) using values from
Ref. 9, ie, J;=—3.2 cm™!, J,=—4.55 cm~!, and
A=0.01 cm~! and, also, using J,=—5.3 cm~! to be
consistent with the exchange constant which is found in
Rb,MnF, where one deals with the same Mn-F-Mn
geometry.!®

The expressions for the transformation coefficients
Ui, and ¥y, used in the diagonalization above are given

28(Jy+J3)
Ef (k)

’

(8)
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A plot of Uk” and Vk along k, and k, for p= +
is reported in Fig. 5(b). Near the BZ boundaries, V} =0,
so that the contribution of N, from the opposite sublat-
tice ions appearing in (3) for the emission process, and, in
absorption, the contribution of M , from the same sub-
lattice ions appearing in (4), vanish at these points.

The

magnon density of states for energies
E =E&2," (k), given by
p(E)= 3, 8(E—Ehz"(k), 9

kEBZ

has been calculated using the two sets of values for Ji, J,,
and A reported above. The resulting curves shown in Fig.
6 are constructed from a histogram of the energies of the
magnons given by (5) at 10* points evenly distributed
throughout the Brillouin zone. Their maxima are dis-
placed from each other by about 3.7 cm .

C. Magnon sideband line shapes

Neglecting the interplane éxchange interactions, the matrix elements M; and N, given by (1) and (2) become

.kx —x . a
Mk=P1et ‘+Pye a+P3exp ilky— +k)‘ﬁ kyc| | +Pyexp |i —kxz-}—ky—;—g-g—kzc
+ Psexp |i kx k},5 95 +kyc | |+Pgexp |i | —ky— 2 kyﬁ—i—k,c , (10)
Ne=0re 1 0se™ 4 0sexp |i |k L +ky—— | |+Qqexp |i | —ky L +k,—— (11)
k=01 2 3 €Xp y595 4 %P x3 ’595
where

Pi=&(My,;|P|E4,)

and

Q=8 (Mg, ¢|P|E,,)

(12)

Taking advantage of the symmetry relations among the pair transition moments P; and Q; by standard group theory
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considerations and including polarization of light,”° the intensity of the magnon sideband in emission can be written as

E%w)= szZ 3 [a, cos(kya /2)sin®(k,c)UR, +a, sin¥(k,e) Vi, 18(fi0 — Eexo + Eth g (k) (13)
€ K
for & |3,
E¥w)= 3 3 b;sin’(k.a/2)sin*(k,c)Us ,8(fi0 —E yo + E* g (k) (14)
kEBZ u
for ?HE,
EYw)= kE 3 [y sin’(kya)+c; sinX(kea /2) cos*(k,c) U, +c3 sin’(kra /2)Vlf,,,8(ﬁw—Eexc +Eh a5 (K)) (15)
E€BZ u

for & ||€¢. We have excluded all terms which are of odd power in the trigonometric functions since they vanish when

summed over k space.

Similar expressions are obtained for the magnon sideband in absorption by interchanging in the above U,fy,, and V’%,u

and replacing E,,. (k) by — E ’,f,'ag(k). For example,

A%w)= 3 3 la,sind(k,c)UR o +a; cos*kea /2) sin®(k,c)VE yr 18(Fi0 — E ey — Eligg (K)) (16)

kEBZ 1’

A new magnon branch u' is introduced to take into ac-
count the possible exciton-magnon interaction which usu-
ally reduces the energy spacing between the absorption
magnon sideband and the exciton.?! This effect, negligi-
ble in emission,? is approximately equivalent to a reduc-
tion of the number of near neighbor Mn?* ions. This is
brought about by rewriting the spin-wave energies,

2

2172
o

The experimental magnon sidebands noted 4; and A3
obtained after substraction of the background of the exci-
tons and of the phonon sidebands are reported in Figs. 7
and 8. These curves are fitted with expressions (13)—(16)
using the constants q;,b; and c;,J,, and a as adjustable
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FIG. 7. A} emission magnon sideband ( ) observed and
(— — —) calculated with respect to its A4, exciton origin.

I

Jy~—5.3 cm™!, for which we have reported in Fig. 6 the
corresponding magnon density of states. (ii) a=~O0.1,
which introduces the 2-cm™! energy difference observed
between the absorption and emission magnon peaks rela-
tive to the exciton positions.

The calculated line shapes result from a combination of
the various polarization terms, in agreement with our un-
polarized data. As a matter of fact, the 7 polarization of
the A; magnon sideband correlates very well with the
main contribution & ||c arising in the calculated profile.
Both optical and acoustic magnon branches are included
in the fitting of the emission magnon sideband whereas
only the acoustic branch is necessary for the absorption
data. :

The main contributions are provided, in emission, from
matrix elements between ion o and second-nearest neigh-
bors in the same sublattice noted 3,4,5,6 in Fig. 1, and in
absorption, from matrix elements between ion o and
first-nearest neighbors in the opposite sublattices noted 9
and 10, thus for out-of-plane exchange couplings.

Since a can be defined in a simple way by 1 —J'S’/JS,

w
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. 4 |
=" . \
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FIG. 8. A; absorption magnon sideband ( ) observed
and (— — —) calculated with respect to its 4, exciton origin.
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where J and J' stand for the effective exchange integrals
in the fundamental and excited states, respectively, our es-
timation of a leads to the modified exchange integral
J'=1.5J. A similar result has been found in MnF, (Ref.
23) and CsMnF; (Ref. 1): the excited-state value is
greater than the value in ground state.

D. Exciton dynamics

The experimental data obtained previously indicated a
quasicomplete self-localization of the excitons in the two-
dimensional antiferromagnet BaMnF, at low tempera-
ture.® We would like to show here that this self-
localization is a consequence of the crystal magnetic
structure.

In most of the concentrated manganese compounds the
exciton migrates in the crystal as a result of non-negligible
short-range exchange interactions between ferromagneti-
cally coupled nearest-neighbor manganese ions. Move-
ment in the direction of antiferromagnetically coupled
manganese ions is strongly inhibited since a large change
(AM;=2) in the total spin projection would be needed. In
BaMnF,, we expect rather localized optical excitations,
for the interplane displacements have to overcome very
large interionic distances and the in-plane energy transfers
to the nearest neighbor are concerned with antiparallel
magnetic moments.

If such a conclusion is correct, a sufficiently strong
magnetic field could change the magnetic structure of
BaMnF, from antiferromagnetic to slightly ferromagnetic
and bring about delocalization of the excitons. This
would increase the exciton decay rate and decrease the
overall intrinsic emission intensity. Figure 4 shows that
this is actually what is found experimentally. This delo-
calization effect can be related to the magnetization data
as follows.

The matrix element for an exchange-type excitation
transfer between adjacent manganese ions belonging to
different magnetic sublattices a and B is given by?*

ML g=w/ gcos’d with 0=(6,—65)/2, (18)

where .# é’ﬁ is an amplitude value independent of the
orientations of the spins, f labels the electronic excitation
which is considered, and 6 stands for half the angle be-
tween the equilibrium positions of the spins on the ions
and S.

For fields higher than the critical field of the spin-flop
transition, which is the case here since H > H, ~ 10 kOe,
one can write'

cosf « s (19)

M,

where M is the induced magnetization and M its satura-
tion value.

In case of incoherent optical excitations the energy-
transfer rate P between ions a and f3 is proportional to the
square of M’ £ g it results in the following relationship:

M 4

Pox | —
M,

(20)

At this point use is made of the molecular field theory to
relate the induced magnetization to the applied magnetic
field.

Introducing 0y as the angle between H, the magnetic
field, and the b axis of the crystal, the magnetization is
given by!'>%

M =X H [sin*(8y+ 0y ) +a cos(6y+64)], 21

where 6, is the angle between the sublattice magnetiza-
tions and the b axis of the crystal, a is the ratio of
parallel-to-transverse magnetic susceptibilities, and know-
ing that we find

6o=+ tan~{H?sin(20 ) /[H2—H?cos(260)]} . 22)

Namely, provided that the applied magnetic field H is
higher than the field for spin flopping H,, when H1b or
H||b, i.e., 0 =0 or 7 /2, one obtains the simple relation

M~X H . (23)
Since X, ~My/(Hg+H,), Hp>H,, and Hp <M, we
end with

M 2

H < l .

M, (24)

Subsequently the exciton transfer rate should verify the
following relationship:

PcH?. (25)

This oversimplified uniaxial Neél model gives a good
description of the observed magnetic-field-induced varia-
tions of the exciton decay rate Tf”l and of the integrated
emission intensity shown in Fig. 4. This confirms the
overall emission in BaMnF, as being entirely intrinsic and
the exchange character of the interionic interactions
which allow for the observed delocalization effect induced
by the applied magnetic field.

V. CONCLUSION

The present line-shape analysis of the absorption and
emission magnon sidebands 4;/A4; clearly confirms their
origins A,/A5 (and the corresponding resonant doublet
A;/A}) as purely electronic transitions. Since the Mn?*
ions have noncentrosymmetric environments, the rather
intense doublet A4/A, can be attributed to electric dipole
electronic transitions allowed through the admixtures of
odd-parity crystal-field components in the *T; excited-
state wave functions. At the same time the absorption
magnon sideband A4; appears as a strong peak of compa-
rable magnitude. Thus no reducing compensation effect
seems to occur between the odd components resulting
from a Tanabe-Moriya-Sugano (TMS) ion-pair process
and those coming from the non-inversion symmetry as it
does in CMC. The TMS ion-pair process can be involved
solely.

The exchange parameters, which are deduced from our
line-shape analysis, correlate very well with those obtained
from the neutron-diffraction data and bring information
about the excited-state exchange coupling and the dynam-
ics of the collective optical and spin excitations as well.
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We do not know very much about the origins of the
A1/A, optical doublet (crystal field, spin-orbit com-
ponents, Jahn-Teller splitting, etc.); however, the antifer-
romagnetic coupling between the neighboring Mn2* ions
in the a and c planes and the large distance between the
ions which are ferromagnetically coupled in the b direc-
tion qualitatively explain the quasilocalized character of
the optical excitations, resulting in the rather long-lived
exciton fluorescence decays 7-',,125.2 ms and 7T 4 ~6 ms.

This localization is not complete because of a slight fer-
romagnetic coupling along the ¢ axis. Such a picture
agrees in turn with the delocalization effect that we ob-
serve under magnetic field (through the appearance of
enhanced ferromagnetic interion interactions).

It is concluded also that the emission line 4] can be at-
tributed to a thermally activated transition (a hot exciton),
and that the long-time constant of 24 ms, resulting from
the decomposition of the A4’ exciton fluorescence decay
(into two components), can be attributed either to a re-
sidual contribution of the long-lived phonon sideband
emission or to thermally activated shallow traps. Consid-
ering this decomposition, the data presented in Fig. 3 may

BaMnF, ... 1003

appear to be consistent with the type of nonexponential
decay analyzed in the paper on MnF, by Wilson et al.?
and also in the paper on CsMnF; by Moncorgé et al.!
However, in the case of BaMnF,, the fit to the 45 exciton
data of Fig. 3 with a similar biexcitonic process is not
sufficiently satisfactory, which is not very surprising in
consideration of the localized character of the optical ex-
citations in this material. The fit is much better when the
decay is expressed as the sum of two exponential com-
ponents. In the end, further investigation is needed to
clarify the nature of the exciton doublets A4;/4,
(A /A%) but the badly broadened lines and their restrict-
ed temperature range of observation should make this dif-
ficult.
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