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Polarized absorption and luminescence spectra of the pyroelectric antiferromagnet
BaMnF, are measured in the temperature range 4.5—300 K. Single-exciton bands associat-
ed with Mn2* ions, as well as double-exciton bands, are observed. The temperature depen-
dence of the integrated intensities of both bands suggests that exchange-assisted electric di-
pole transitions are dominantly involved. It is shown for the single-exciton band corre-
sponding to the °4 ,g—>“T28 (IT) transition that the fine structure observed consists of an
electric -dipole -allowed pure exciton band and hot- and cold-magnon sidebands. A three-
magnon hot band is found for the first time. The analyses of optical anisotropy in the pure
exciton band indicate that the Mn?* ion is displaced from a nearly cubic position along the
a-axis direction by the pyroelectric moment due to Ba>* ions. The observed temperature
dependences of the peak positions and of the half-widths of the magnon sidebands are con-
sistent with the appearance of three-dimensional spin ordering below Ty, although BaMnF,
is a predominantly two-dimensional antiferromagnet. An emission band observed at 600
nm is discussed involving short-range exciton transfer from Mn?* to impurity-perturbed
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Mn?* ions.

I. INTRODUCTION

BaMnF, has a layered orthorhombic crystal struc-
ture with the crystal symmetry of A42,am (C%j)
at room temperature (@ =5.984 A, b=15.098 A,
c¢=4216 A.! The structure consists of disordered
MnF{ octahedra sharing corners to form puckered
sheets perpendicular to the b axis; the sheets are
linked by Ba’* ions. The Mn—F—Mn—F chains
are nearly linear along the ¢ axis, whereas the chains
connecting two shared F~ ions zig zag along the a
axis. The magnetic study shows that BaMnF, is an-
tiferromagnetic (T =27 K), with two-dimensional
ordering in the temperature range between about 70
K and Ty, whereas three-dimensional ordering
occurs below Ty.>® On the other hand, from the
dielectric study, BaMnF, is also classified as a
member of pyroelectric materials.® A considerable
amount of study has been done on the magnetic and
dielectric properties of BaMnF,, especially related to
structural and magnetic phase transitions.3~> On
the other hand, much less is known about the optical
properties. So far, Régis et al.® and St.-Grégoire’
studied the linear dichroism of the optical absorp-
tion band observed at 395—400 nm in order to inves-
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tigate the structural phase transition appearing at
T.=250 K. Goldberg et al. observed the red
luminescence of BaMnF,,? and Moncorgé and Jac-
quier found the exciton and exciton-magnon fine
structure in the excitation and emission spectra us-
ing laser excitation.’

The optical properties of other antiferromagnetic
Mn?* compounds such as MnF, have been inten-
sively studied, especially on the magnon sidebands
of single-exciton bands associated with the d°—d’
transition in Mn?* ions.!®!! The magnon sidebands
appearing on the tails of exciton bands have been at-
tributed to spin-exchange-induced electric dipole
transitions, whereas the exciton band is due to a
magnetic dipole transition, because the d>—d° tran-
sition is spin and parity forbidden in the Mn?* ion
with inversion symmetry.'> An electric-dipole-
allowed pure exciton band has so far been observed
only in CsMnF;, which has noncentrosymmetric
Mn?* ions.3~15 The exciton band reflects the site
symmetry of the Mn?>* ion more directly than does
the magnon sideband, because the latter case in-
volves the exciton-magnon and magnon-magnon in-
teractions. Therefore the present investigation was
first undertaken to examine the exciton bands in
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BaMnF,. In addition to the single-exciton band,
double-exciton bands, which correspond to the
simultaneous electronic excitation of pairs of mag-
netic ions, have been observed in various Mn?* com-
pounds.'®~!8 There is no report on the presence of
the double-exciton bands in BaMnF,. Related to
this point, we also investigate the absorption spectra
in the high-energy region, where the double-exciton
bands are expected to appear.

Three other interesting investigations are conceiv-
able for BaMnF,, which have not yet been done.
The first one is optical anisotropy, which will be
studied in order to investigate the local symmetry of
Mn’* ions, since BaMnF, has a complicated
orthorhombic crystal structure. The second is the
optical detection of pyroelectricity, or more precise-
ly speaking, the optical detection of the influence of
the pyroelectric moment produced by Ba?* ions on
the magnetic Mn?* ions. Since BaMnF, is a unique
material with both the pyroelectric and antifer-
romagnetic properties at the same time, it is expect-
ed that effects of pyroelectricity appear on the
Mn?* absorption bands, e.g., on the line shape. The
third investigation is the optical detection of the
coexistence of two- and three-dimensional antifer-
romagnetic spin orderings, since the presence of two
kinds of dimensionality has been suggested from
magnetic susceptibility measurements but has not
yet been confirmed optically. In this paper, along
with the above three points, we also study the polar-
ized absorption spectra of BaMnF, in the tempera-
ture region of 4.5—300 K.

II. EXPERIMENTAL PROCEDURE

Single crystals of BaMnF, were grown by the
Bridgman method in a carbon crucible from an
equimolar mixture of BaF, and MnF,. The samples
were oriented using Laue back reflection x-ray pat-
terns, cut parallel to the orthorhombic {100} faces
and polished. Thus orthorhombic samples with
(a,b), (a,c), and (b,c) planes were obtained. A
(b,c)-oriented sample, which was grown at the Mas-
sachusetts Institute of Technology, MIT, was used
at the initial stage of our investigations. The ab-
sorption spectra of the MIT crystal were in agree-
ment with those of our (b,c) sample. This indicates
that both samples do not contain measurable
amounts of impurities. Polarized absorption spectra
were recorded on a Cary 14 spectrophotometer with
a Glan prism or a Polacoat polarizer. Two spectra
were measured for each of the three planes, e.g., for
the (a,b) plane we measured the E||a spectrum and
the E||b spectrum, with the light propagating along
the c axis, where E denotes the electric vector of the
incident light. The luminescence spectra were mea-

sured as follows. The crystal luminescence emitted
at right angles to the exciting beam was passed
through a Bausch-Lomb f =0.25 m monochromator
and detected with RCA 1P28 or a Philips 150 UVP
photomultiplier. The Cary 14 monochromator was
used to produce the monochromatic exciting light.
A 750-W tungsten lamp was used as a light source.

III. EXPERIMENTAL RESULTS
AND ANALYSES

A. Absorption bands
and their energy-level assignments

Figure 1 shows the absorption spectra of BaMnF,,
which were measured in the (b,c) plane using unpo-
larized light. The whole spectrum at 295 K is quite
similar to the room-temperature spectra of other
Mn-F compounds, for instance, KMnF; and
RbMnF;.!¢! Ten absorption bands are observed in
the visible to the ultraviolet region. We call these
bands 4, B, C, D, E, F, a, G, B, and v in order of
increasing energy, as indicated in Fig. 1. From their
temperature (7)) dependence, these bands can be
classified into two groups. One group consists of
the a, B, and y bands, which grow with decreasing
temperature as shown in Figs. 2 and 3. According
to Fujiwara et al.,'® the absorption intensity of
double-exciton bands in a two-equivalent-sublattice
antiferromagnet has the following T dependence:

1 (§j '§1) <§1 ) @} '§1)

I(T)=— ,
d 12 8s? 45%(25 —1)?

(1)

wherg j and [ are two nearest-neighbor magnetic ions
and Q is a symmetric tensor containing bilinear spin
operators. The expression (1) has been experimental-
ly confirmed in MnF, and RbMnF; (Ref. 18) and in
other materials.?®~22 A quite similar T dependence
is observed in BaMnF,, as seen in Fig. 3.l Indeed,
the a band gives a value I;(0)/I;(0)=5 experi-
mentally, which agrees with Eq. (1) calculated for
Mn2* (S =~§—) in the high- and low-temperature
limits. Therefore the a, 3, and ¥ bands are attribut-
able to double-exciton bands. On the other hand,
the intensities of the other bands A —G are essential-
ly temperature independent. They are attributable
to single-exciton bands from their characteristic T
dependence and their energy-level calculation as out-
lined below. The assignment is confirmed to be
probable, since the A—G band spectrum is quite
similar to the single-exciton absorption spectrum ob-
served in KMnF;, RbMnF;, and MnF,. '

Each Mn?* ion in BaMnF, is surrounded by six
nearest-neighbor F~ ions, forming a slightly distort-
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FIG. 1. Unpolarized absorption spectra of BaMnF, on the (b,c) plane at 5.2 and 295 K.

ed MnFg octahedron. However, it will be reasonable
to use, as a starting point, the cubic-field formalism
to estimate the first moments of absorption bands,
since the energy-level splitting due to the low-
symmetry crystal field is expected to be nearly negli-
gible when compared with the splitting due to the
cubic field. Certainly, this can be suggested from
the fact that the whole absorption spectrum of 4—G
bands is quite similar to that of RbMnF; with cubic
symmetry, although the true site symmetry of Mn?+
in BaMnF, is only C;. Tanabe and Sugano derived
the energy matrices for the d° configuration ion in a
cubic field,2* which were later modified by including
the covalency parameter € and the Racah-Trees
correction a.?%

Several techniques have been proposed to evaluate
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FIG. 2. Unpolarized absorption spectra in the a- and
B-band region measured on the (a,c) plane at various tem-
peratures.

the values of €,a and of the Racah parameters B and
C for the Mn** octahedra. For example, Stout?
proposed to determine € using the free-ion values of
B =950 cm™! and C =3280 cm~! from the energy
level of "'Eg (IT) under a=0, Ferguson proposed to
determine B and C from the energies of the ‘4 lg,“Eg
(D, and *E, (I levels under €=0,'s and recently
Rao and Purander’® proposed to determine the
values of B and C from the energy states 4Eg (I) and
*E, (ID using the free-ion value of a=76 cm™'
under €=0. After the evaluation of the values of
B, C, ¢, and a, the energy matrices for the 4Tlg and
*T,, states are solved for various values of the
octahedral—ligand-field parameter Dg, giving the
so-called Tanabe-Sugano (TS) diagram. Then the
Dg value is determined by comparison with the ab-

Absorption Intensity ( Relative)

I I 1 I
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FIG. 3. Temperature dependence of the absorption in-
tensity (band area) of the a band. The intensity is normal-
ized at 4.5 K.
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sorption spectrum. We calculated the TS diagram
using these three techniques. The best one was ob-
tained from the TS diagram calculated using Rao
and Purander’s technique. The best fitting parame-
ters are found to be B =834 cm~!, C =3077 cm~!,
a=76 cm™~!, €=0, and Dg =800 cm~'. The posi-
tions of the observed bands and the calculated ener-
gies relative to the 4 1g ground state are listed in
Table I together with the band assignments. Our as-
signments agree with those made by St.-Grégoire’
except for the G band. St.-Grégoire assigned the a
and G bands to the ‘4 2g and 4Tlg (ITI) states, respec-
tively, but the a band must be assigned to a double-
exciton band as discussed above. Our assignment is
quite consistent with the case of RbMnF;, as was
expected from the similarity of the spectra.'® As in
the case of RbMnF;, two high-energy bands associ-
ated with the T, (I) and T, (II) states are not ob-
served, both being hidden under the large a and y
bands.

Regarding the double-exciton bands, a simple
method of the level assignment is to take into ac-
count their band positions, since the energy of a
double-exciton band associated with the (I';+T;)
state is, in the first approximation, given by the sum
of the energies of I'; and T states.!® For example,
the a band is located at the doubled energy of the 4
band. Thus the a band is believed to be produced

when two Mn2" ions are simultaneously excited to
the same *T), (D) states. Similarly, we can assign the
B and y bands as shown in Table I. Of the three
double-exciton bands observed, the a band is weaker
than the others. This is consistent with the selection
rule such that the pair transition should be forbid-
den, if the final electronic states on the two ions are
identical.”’ The a band is expected to exhibit the
same properties as its parent band, i.e., the A band.
Indeed, the same blue shift and the same dichroism
(fa>fc>fp, where f is the oscillator strength) are
observed for the a and A bands. For the y band,
which is produced when one Mn?* ion of the pair is
excited to the *T'j, (I) state and the other ion to the
‘4 1g OF 4Eg (I) state, we cannot predict which parent
band, the 4 or C band, determines the character of
the ¥ band. Experimentally, it is noted that the y
band does not shift on changing the temperature,
similar to the C band. Hence it is suggested that the
property of the ¥ band is determined by the C band
and not by the 4 band.

B. Optical anisotropy of Mn?* bands

The absorption spectrum of BaMnF, depends ob-
viously on the crystal orientation, i.e., it exhibits
linear dichroism. Six polarized spectra were mea-
sured: (E||a,L}|lc) and (E||b,L]|c)

TABLE 1. Observed and calculated transition energies and observed oscillator strengths of
absorption bands in BaMnF, at 4.5 K, together with their level assignments.

Single- Assignment Transition energy Oscillator strength
exciton of excited (10® cm™) (1077
band state Observed  Calculated fa fs fe
A “Tyg (D 19.15 18.800 4.76 2.92 2.33
B 4Ty () 23.05 23.060 1.59 1.95 2.28
c ‘Eg (D 25.245
25.22 2.63 1.08 7.44
‘Arg 25.220
D 4Ty (ID 28.00 28.310 2.36 1.90 1.56
E ‘E, (ID 30.05 30.050 2.42 1.27 8.36
F T, (ID) 32.40 32.990 3.07 1.79 2.15
G ‘A 40.95 40.799 ~4.2 ~34 ~9.7
4Ty (IID) 41.790
4T, (IID) 44.790
double-
exciton
band
a ‘Tig M+*Tyy (D 38.40 38.30° 7.13 5.93 5.11
B “Tig (D+*Ty (D 42.25 42.20° 0.28
y Ty (D+(Eg (D,%4,4) 44.05 4437 85.8 61.5 32.7

*Estimated using the observed single-exciton energies.
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FIG. 4. El la, EI |b, and f:‘:l |c spectra at 4.5 K of (a) the 4 and B bands, (b) C band, (b') fine structure at the low-energy
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FIG. 4. (Continued.)

spectra for the (a,b) plane, (E||b,L||a) and
(El|c,L||a) spectra for the (b,c) plane, and
(E||a,L||) ) and ( (E||c,L||b) spectra for the (a,c)
plane, where L denotes the direction of incident
light. When the spectra (line shape, position, and in-
tensity) of all the bands are compared among the six
polarized spectra, it is concluded that the spectra
taken at the same E direction [e.g., (E||a, LHb) and
(E||a,L||c) spectra] are completely identical with
each other as seen in Figs. 4(c’) and 4(f). Evidently,
the structure of the spectrum is affected only by the
change of the E direction, whereas the L direction
has no appreciable influence. This indicates that all
the bands, including their fine structures, are due to
electric_dipole transitions. In Figs. 4(a)—4(f) the
E|la, E||b, and E||c spectra of all the bands are
shown. In order to confirm that the absorption is
due to the electric dipole transition, we also mea-
sured the angular dependence of the absorption
bands. One of the best candidates for the measure-
ment is a relatively sharp absorption band peaking
at 390.3 nm in the C band, since this band is ob-
served in the E||c spectrum but not in the E||a and
§| |b spectra. Therefore the electric dipole moment
P associated with the 390.3 nm band is believed to
be parallel to the c axis. When the electric vector of
incident light changes its direction from E||c to E||a
in the (a,c) plane, the peak intensity is expected to
be proportional to cos’d, where 6 is the angle mea-
sured from the ¢ axis, because the absorption inten-
sity due to_the electric dipole transition is propor-
tional to (P-E)% The experimental result on the

390.3 nm band is in good agreement with the expec-
tation. In this manner the observed absorption band
is confirmed to be attributable to an electric dipole
allowed transition.

The oscillator strengths f of various bands are
given in Table I. In the calculation of f, we used the
room-temperature refractive indices measured at
589.3 nm,”® n,=1.480, n,=1.505, and n.=1.499,
and for the effective field correction, E¢/E g=1.
The f values are of the same order (f~10"") as
those of other Mn?>* compounds. The total f values
of all single-exciton bands are f,=2.1
%1075, f,=1.4%x10"%, and f.=3.4X10% at 4.5
K. It is noted that the f value of the b-axis direc-
tion is the smallest of the three. This is interpreted
as follows. The spin-exchange interactions between
two Mn2* ions contributes predominantly to the in-
tensity of the single-exciton bands.'® Thus the mag-
non sideband gives the most important contribution
to the single-exciton absorption intensity. In
BaMnF,, each Mn?* ion easily finds a partner in
the g-and c-axis directions to form a paired Mn?*
center linked by a single F~ ion, giving rise to the
intralayer spin-exchange interaction, whereas along
the b direction more complex exchange paths are in-
volved because of the layered structure of BaMnF,.
Therefore, the spin-exchange interaction of the
paired Mn?* ions in the b direction is weak, result-
ing in the weak absorption intensity.

Compared with the case of the double-exciton
band (Fig. 3), quite different T dependences are ob-
tained for the single-exciton bands. The tempera-



3768 TAIJU TSUBOI AND W. KLEEMANN 27

ture dependence of the absorption intensity is shown
for the 4, C,E, and F bands in Fig. 5 and for the D
band in Fig. 6. The B band exhibits the same T
dependence as the 4 band. The T dependences of
the single-exciton bands are similar to each other ex-
cept for the D band, which will be discussed
separately below. When the temperature is raised
from 4.5 K, the intensity increases monotonously
with increasing temperature, passes through a broad
maximum at 40—60 K, decreases and remains un-
changed above 150 K. Such a T-dependence curve
resembles the form predicted for magnon sidebands
in antiferromagnetic crystals.'®? Therefore, it is
suggested that the intensities of the observed single-
exciton bands are given by the exciton-magnon in-
teraction mechanism.

In the case of the D band (Fig. 6) measured using
particular polarization, an anomalous increase of the
intensity is observed when cooling below 25 K. Let
us investigate what gives rise to this anomaly. A
sharply polarized structure is observed in the D band
as seen in Figs. 4(c) and 4(c’). Figure 4(c’) shows the
fine structure observed in the low-energy region us-
ing different propagation and polarization directions
of the incident light. The peaks observed are named
Dy,D,,... in order of increasing energy, whose fre-
quencies are listed in Table II. A sharp doublet-
structured band (D, and D,, their halfwidths are
about 10 and 15 cm~! at 5 K, respectively) is ob-
served at the lowest-energy side of the D band. Un-
like the structure observed in the high-energy region,
the D, and D, peaks decrease rapidly and broaden
with increasing temperature as shown in Fig. 7. The
same behavior is also observed in the D; and Dy
peaks. Such temperature-sensitive peaks are not ob-
served in the other single-exciton bands. For exam-

Absorption Intensity 1(T)/ I(e)

0 100 I 200
Temperature (K)

FIG. 5. Temperature dependence of the 4-, C-, E-,
and F-band intensities. The (a,c) plane and unpolarized
light were used for the measurements of the 4 and C
bands, whereas the (b,c) plane and E||c light refer to the
results of the E and F bands.
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FIG. 6. Temperature dependence of the D-band inten-
sity measured on the (a,c) plane using E||a (curve a), E||c
(curve ¢), and unpolarized (curve b) lights, respectively.
The total intensities of the D, and D, bands and of the D,
and Dg bands are shown in the bottom, which were mea-
sured on the (a,c) plane using E||c and El |a light, respec-
tively. The two total intensities were accidentally identi-
cal within the experimental error, giving the same curve
(d). The intensity scale for D, +D, and D;+Ds is en-
larged by a factor of 7.5.
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ple, they are not observed even in the C band, which
exhibits a rich fine structure [Figs. 4(b) and 4(b)].
As seen in Fig. 7, the D, peak slightly shifts toward
the low-energy side with increasing temperature,
while the red shift of the D, band is remarkably
much larger. The T dependences of the peak posi-
tions of the D, and D, bands are plotted in Fig. 8,
together with that of the E band. The D, peak does
not shift at T > Ty =27 K, while the D, peak shows
a T dependence similar to that of the E peak, which
is attributable to a magnon sideband. Therefore,
from the T dependences of peak position and peak
intensity, it is concluded that unlike the D, band,
the D, D,, D, and D; bands are not attributable
to magnon sidebands.

In order to investigate the origin of the
D,, D,, D5, and Dg bands, we measured the T
dependence of the absorption intensity in the (a,c)
plane using different polarization directions. The
result is shown in curves a, b, and ¢ of Fig. 6; the
corresponding absorption spectra at 4.5 K are shown
in curves a, b, and c of Fig. 9, respectively. As seen
in Fig. 9, the intensity of the Dy, D,, D;, and Dy
bands is stronger in the E||a spectrum (curve a) than
in the E||c spectrum (curve c¢), while the intensity is
intermediate in the unpolarized spectrum (curve b)
as expected. The total intensity of D,+D, de-
creases with increasing temperature like that of
D, +Ds, as seen in curve d of Fig. 6.2° Although an
exact subtraction of D;+D,+D;+Dg from the to-
tal D band is difficult, it can be estimated that the T’
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TABLE II. Assignment of the fine structure in the D band. The energies of peak positions
are obtained from the data at 5 K except for the D}, D3, and D} bands.

Peak position

Band (cm™) Assignment

D} ~275702 three-magnon hot band associated with D, exciton
D; ~27633% one-magnon hot band associated with D, exciton
D] 27651° one-magnon hot band associated with D, exciton
D, 27680 pure exciton
D, 27697 pure exciton
D 27717 one-magnon cold band associated with D, exciton
D, 27733 one-magnon cold band associated with D, exciton
Dy ~27745

Dy ~27782

D, 27821 pure exciton
Dy 27850 pure exciton

2Obtained at 10 K.
®Obtained at 15 K.

dependence of the subtracted intensity remarkably
resembles that of other single-excition bands such as
the A band. Therefore, it is concluded that the
D,, D,, D;, and Dg bands give rise to the low-
temperature anomaly in the T dependence of the D-
band intensity. In the following section we discuss
the origin of the D, D,, D4, and D; bands.

C. Pyroelectric-moment—induced
pure exciton absorption

An exciton is created at the center of the Brillouin
zone (i.e., k =0) by the optical absorption since the

(cm-1)

Absorption Coefficient

b; p,

3605 3610 3615 3620
Wavelength (nm)
FIG. 7. D,—D, band spectra at various temperatures

measured on the (g,c) plane using E| |a (upper figure) and
E||c (bottom) light.

wavelength of the radiation is much larger than the
lattice constant. So, although there may be a sizable
exciton dispersion, the exciton band due to the k=0
transition is expected to be very sharp. Indeed,
sharp exciton bands have been observed at the
lowest-energy side of absorption bands in various
Mn?** compounds, for example, in MnF, (Refs. 12
and 31) and RbMnF; (Ref. 32). We have observed

" two distinguishably sharp bands, D, and D,, at the

lowest-energy side of the D band. Therefore the D,
and D, bands are attributable to exciton absorption.
The exciton band observed in MnF, and RbMnF;
has a very weak absorption intensity because of the
magnetic dipole transition. Unlike the cases of
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FIG. 8. Temperature dependence of the peak positions
of the D,, D,, and E bands.
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FIG. 9. Absorption spectra at 4.5 K of the D band measured on the (a,c) plane using E[ |a (curve a), E”C (curve ¢), and

unpolarized (curve b) light, respectively.

MnF, and RbMnF;, however, the intensities of the
D, and D, bands are relatively large and not negligi-
ble in the whole D band. Related to this point, we
now examine the D; and D, bands in detail.

A sharp doublet-structured absorption band, la-
beled D; and D), has been observed in the
€4,,—*T,, (ID) absorption band (D band) in the an-
tiferromagnet CsMnF;, which has been assigned to
the electric-dipole-allowed pure exciton absorption. !4
When comparing our D; and D, bands with the D,
and D bands of CsMnF;, several common features
are found. For example, (i) in both cases these
bands consist of sharp, intense doublets located at
the low-energy side of the D band; (ii) both com-
ponents are strongly polarized, depending on the E
direction; (iii) when the temperature is increased
from 5 K, both exhibit red shifts, which are much
smaller than in the case of the magnon sideband; (iv)
unlike the magnon sideband, both decrease their in-
tensities as temperature is increased. Therefore it is
suggested that our D; and D, bands are attributable
to the electric-dipole-allowed pure exciton absorp-
tion. Another pure exciton absorption has also been
observed in the high-energy region of the D band in
CsMnF;. This corresponds to our observation of the
D5 and Dy bands, which were suggested to belong to
the same origin as the D, and D, bands from their
T dependence. Hence both D, and D,, as well as D,
and Dyg, are proposed to be attributable to pure exci-
ton absorption in BaMnF,.

In the case of CsMnF;, the dipole-allowed transi-

tion is connected with the existence of noncen-
trosymmetric Mn?* sites. According to the x-ray
analysis at room temperature,! each,.Mn?* ion is
surrounded by six F~ ions, forming a distorted
MnF; octahedron, where the Mn?* ion is located
at a position that is noncentrosymmetric in the (a,b)
plane but not along the € axis. From the structure
of the distorted octahedra, it is expected that the
E|la and E||b spectra of the pure exciton band
should be quite similar to each other, but different
from the E||c spectrum. When we closely investi-
gate the dichroism of the D,-D, structure shown in
Fig. 4(c’), however, we find that the E||b spectrum is
quite similar to the E||c spectrum, if we neglect
their absolute intensities, whereas the E||a spectrum
is quite different from the others. The dichroism in
the D,-D, region suggests the existence of a unique
fourfold axis along the a-axis direction. Therefore,
in the case of BaMnF,, we must find an alternative
reason for the appearance of a noncentrosymmetric
Mn?t site, which gives rise to the dipole-allowed
pure exciton absorption. It is known that BaMnF,
has a pyroelectric moment P directed along the a
axis, that is, the Ba?* ions produce a spontaneous
electric polarization along the a axis.»*> The local
electric field lies parallel to the direction of the a
axis at the Mn2*-ion site. Therefore it is suggested
that this electric field polarizes the lattice and pro-
duces a polar distortion, resulting in a motion of the
Mn?* ion toward the final noninversion symmetric
position along the ag-axis direction. Although the
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crystal symmetry of BaMnF, is known to be ch
with only one twofold axis in the a-axis direction at
room temperature, but not known at T~5 K, we
hereafter assume the site symmetry of Mn?* ion at
low temperatures (T ~5 K) to be approximately C,,
(the fourfold axis is along the a axis).

As shown in Fig. 4(c), the intensity of the D,
band is about twice that of the D, band in the E| |b
and E| |c spectra. When the E direction _is continu-
ously changed from E||b or E||c into E||a in the
(a,b) or (a,c) plane, respectively, it was observed that
both bands grow monotonously and pass through
neither maximum nor minimum. In the E||a spec-
trum the D,-band intensity is about 3 times more in-
tense than that of the D, band. A rigorous analysis
of such a splitting and optical anisotropy of the pure
exciton band associated with the °4;,—*T,, (II)
transition requires knowledge of the energy levels
and wave functions of the *T,, (II) state in a Cy,
crystal field, since the C,, crystal field does not af-
fect the 4 1g ground state because of its orbital sing-
let. The exchange field splits the Alg ground state
into its six S, components. The spin-orbit coupling
between the levels of this multiplet vanishes, but the
4 1g State coupl&s with the excited states such as

Tlg and ng through spin-orbit 1nteract10n The
coupling with the lowest excited state Tlg (I) is ex-
pected to be the strongest since the energy of the

Tlg (I) lies nearest to that of the Alg level. Theres-
fore the ground state of the Mn?* ion with M, =~
is given by, using the first-order perturbation theory,

|$4,g(M,=3))=| %4 s(M,=3))

v'5/20,
—iT | 4T13,1(%))
v'5/20,
e [ Tip(3))
0
)

where o, represents the spin-orbit garameter and E,
the energy distance between the Alx and Tlg (I
levels.’"* Here |°4,;) means the °4,, state mixed
with the Tlg state by spin-orbit interaction. Simi-
larly, the 4ng (IT) level splits mto four S com-
ponents by the exchange ﬁeld ng (M= ) 4ng
(5 =), 4ng (—5 ) and 4T23 (———) in order of increas-
ing energy. The C,, crystal ﬁeld splits each of these
levels into a doubly degenerate level (T ¢ and
T,n) and a nondegenerate level Ty, . as shown in
Fig. 10, where we take the { component in the a-axis
direction. Here we assumed that the exchange field
is stronger than the C,, crystal field, i.e., Wy >K. If
we take into account the spin-orbit coupling within
the ng (IT) state, but neglect the coupling between
the *T, (I) and other excited states, the final wave
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FIG. 10. Schematic energy-level diagram showing the
64,4 ground and *T), excited levels in the Mn®* jon under
the exchange and C4,-symmetry crystal fields.

function is given as follows:

3 3
|§(M,—2))—|§(2))+(W K)l/i |§(

3 3

3 3 A 1

A

. 1
T AN AR

where &, 7, and § mean Ty, ¢, Tog 5, and Tog ¢, Wy
is the exchange-field splitting, K is the Cg4, crystal-
field splitting (see Fig. 10), and A is the spin-orbit
parameter of the T, state. The corresponding re-
sults are easily obtained for the other states such as
| € (M;=+ 7). The transition from the ground state
|41 (3 )) to these states are spin-orbit allowed be-
cause the quartet state is contained in the ground
and excited states, but it is electric dipole forbidden
because both states have the same even parity. The
parity-forbidden electric dipole transition is slightly
allowed by the presence of the static odd-parity of
the C,, crystal field, since the C,4,-symmetry static
potential is given by**

Ve, =VulE)+V)(T1) . (3)

The first term of Eq. (3) gives the level splittings as
shown in Fig. 10, whereas the odd-parity field of the
second term admixes even-parity states with odd-
parity states, resulting in nonvanishing matrix ele-
ments of the electric dipole moment. The effective
a-polarized (@=a,B,7) electric dipole transition mo-
ment Peff even-parity states m and n is proportlonal
to the matrix (m |V%,|n).3* The matrix is ex-
pressed, by the Wigner-Eckart thorem, as follows>*:
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E (rmllﬁx(ru)llrn ><X§, Tlu,&ruT’)
X’E

X(Tp)~ VXTI, |T,XE) ,

where (T, ||PXT,)||T,) is the so-called reduced
matrix, I',7 is the irreducible representation of the
odd-parity potential (in the present case
I',7=T,7), and (T',,,) denotes the dimension of the
irreducible representation I',,. By calculating the
above Clebsch-Gordan coefficients, one can obtain
the selection rule for the °4,,—*T, (II) transition.
Six absorption bands are expected as the result of
electric dipole transition from the ground state of
Eq. (2) as shown by arrows in Fig. 10. The intensity
ratio of the first band associated with the
4 1585 ) transmon to the second band associated
with the A,g—>§( ), 95 >) transitions is given by

A2/2(W,+K)%:1 in the E||a polarization, whereas
1:A2/( WO—K)2 in the E||b or E||c polarization. If
we assign the first band to the D; band and the
second band to the D, band (see Fig. 10), the experi-
mental results give the values K =17 cm~! and
Wy=65 cm~!. With the use of this W, value, the
fifth band associated with the °4;,—£( ——%) transi-
tion is estimated to be located at 130 cm ™! (=2W,,
see Fig. 10) from the first band, which is quite close
to the position of the D, band lying 141 cm ™! from
the D, band The third band associated with the
Alg—>§ +) transition is estlmated to be at a dis-
tance of another 65 cm ™. This position lies in the
spectral region of the intense and broad magnon
sideband D,; therefore it is expected to be difficult
to observe. This is consistent with the experiment.

The Dl and D, bands are observed to be more
intense in the E| la spectrum than in the Ela spec-
trum. This is qualitatively in agreement with our
identification of these bands as now outlined. For
example, according to our calculation with respect
to the second band, the intensity ratio of the E[|a
polarized spectrum to the Ela polarized spectrum is
given by

=T
(Togl|P¥|| T1g )% | (Tl [P #)| Tp)

=T
—<T23||P lg”Tlg> lz .

It seems to be probable that the two reduced ma-
trices (Tp||P 2“'HTlg) and (T28||P l“HTI!,) have
almost the same magnitude since the three-
dimensional T, and T, irreducible representations
are expected to give an almost equivalent contribu-
tion to the reduced matrix of P. Therefore, the
amount of

_T
| (Tol|P 28“T1g> (Ta||P ||Tyg) | ?

is expected to be considerably smaller than that of
(Ty||P"#||Ty,)? in agreement with the experimen-
tal result on the D, band. In Fig. 10 we summarize
the assignment of the D;, D,, D5, and Dy transi-
tions.

D. Three-magnon hot band

In the two-sublattice antiferromagnets, the mag-
non sideband consists of so-called cold and hot
bands around the pure exciton band. The cold band
is expected to appear at W+ Wy, (one-exciton
and one-magnon process), if we neglect the exciton-
magnon interaction, whereas the hot band appears at
W ex —Wnag (One-exciton and one-magnon process,
called one-magnon hot band) and W, —3W,,,
(one-exciton and three-magnon process called three-
magnon hot band), where W, and W, are ener-
gies of excitons and magnons respectively.'®** The
zone-boundary magnon energy in BaMnF, has been
calculated as Wy,,; =46 cm ™! by Moncorgé and Jac-
quier.” We believe that this value is reliable, being
consistent with the magnon dispersion measured by
neutron scattering.’® A cold band observed in the
A-band excitation spectrum appears at 38 cm~! at
the high-energy side of the exciton band,” which is
displaced by the exciton-magnon interaction of 8
cm~!in the D band. The magnon sidebands D; and
D, appear at 37 and 36 cm~! from the D, and D,
pure exciton bands, respectively, which are quite
close to the above 38 cm~!. Therefore, the D; and
D, bands are attributable to the cold bands associat-
ed with the D, and D, bands, respectively. The cold
bands are expected to appear more intensely at
T =0, whereas the hot bands should appear only at
T+0 with a tendency of growing with increasing
temperature. 37 To find the hot band, therefore, the
T dependence of the absorption spectrum around the
pure exciton band should be first investigated.

As shown in Fig. 11, three weak absorption bands
are observed at the low-energy tail of the D; band
above 13 K, all the bands growing with increasing
temperature. We call them D, D5, and D’ bands in
order of decreasing energy. Their peak energies are
collected in Table II. The DI-DZ separation is about
46 cm~! at 13 K, which is almost equal to the
D,-D separation. It has been suggested that the
exciton-magnon interaction energy is smaller in the
hot band than in the cold band,'>!* which leads to
the result that the distance from the pure exciton
band is larger for the hot band than for the cold
band. Taking into account this point, we arrive at
the conclusion that the D] and D5 bands are attri-
butable to the one-magnon hot bands associated
with the D, and D, pure exciton bands, respectively.

To the authors’ knowledge, to date three-magnon
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FIG. 11. Unpolarized absorption spectra at the low-energy tail of the D, band measured on the (a,c) plane at various

temperatures.

hot bands have never been observed in absorption
spectra clearly. BaMnF, seems to be suitable to
show their existence. The D} band appears at about
124 cm~! from the D, pure exciton band at 13 K,
which is about 3 times that of the D,-D separation.
Furthermore, we have plotted the absorption-peak
intensities of the D} and D bands against tempera-
ture in Fig. 12. The behavior of their relative inten-
sities is quite similar to the theoretically calculated
T dependences of three-magnon and one-magnon
hot bands (see Fig. 4 of Ref. 37). From these facts
the D3 band is attributable to the three-magnon hot
band associated with the D, pure exciton band.
Another three-magnon hot band, associated with the
D, band, is expected at the low-energy side of the
D5 band but not observed clearly because of the
weak intensity proportional to the original D; band.
In Table II we summarize the assignment of the ob-
served pure exciton band and magnon sideband.

E. Optical detection
of three-dimensional spin ordering

BaMnF, is known as a two-dimensional (2d) anti-
ferromagnetic material because of its layered crystal
structure. It, however, was shown by magnetic sus-
ceptibility measurements that a three-dimensional
(3D) behavior appears below Ty, as mentioned in
Sec. I. Here we try to confirm the appearance of
three dimensionality optically. To do so, we com-
pare the spectroscopic data of BaMnF, with the
theoretical calculation derived for one-, two-, or
three-dimensional antiferromagnetic Mn?* com-

pounds. So far such a theoretical calculation has
been done for magnon sidebands in one-dimensional
(ID) and 3(D) antiferromagnets,'®?*3~3® but not
for the 2D case. Therefore, for the 2D case we ten-
tatively use the experimental result of the
layered compounds (C,HsNH;),MnCl,; ethyl-
ammonium-manganese-chloride =~ (EAMC) and
(C3H;NH;3);MnCl, propyl-ammonium-manganese-
chloride (PAMC)* for comparison.

1. Integrated intensity of magnon sidebands

As seen in Fig. 5 a common feature occurs in the
T dependences of the A-, B-, C-, E-, and F-band
intensities, although slight differences are observed
among these bands: The integrated intensity in-
creases with rising temperature from 4.5 K, ap-
proaches a maximum value between 45 and 60 K,
gradually decreases and, above about 150 K, it takes
a constant value which is larger than I (T =4.5 K).
Such a T-dependence curve is, unfortunately, found
in common to all 1D, 2D, and 3D antiferromagnets,

012 - oy
0.08 |-
g

ool D3’

Peak Height (cm™1)

0 L L " 1
0 20 40 60

Temperature (K)

FIG. 12. Temperature dependence of the maximum
absorption coefficients of the D} and D3 bands.
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and therefore it does not indicate a special dimen-
sionality clearly. However, characteristic differ-
ences among the three cases are found in the value
of Tpa relative to Ty; one finds Ty >> Ty for
the 1D case (e.g, Tmax/Ty=70 for tetra-
methyl-ammonium-manganese-chloride =~ TMMC),
Tmax > Ty for the 2D case (e.8., Trax/Ty~=~1.5 in
EAMC and PAMC), and T =Ty for the 3D
case. In BaMnF,, T,../Ty takes a value between
1.6 and 2.0 depending on the absorption band.
From this view we can confirm the presence of 2D
spin order in BaMnF,.*’ According to the theoreti-
cal T dependence’” which was calculated for 3D
RbMnF; with Ty =83 K, an almost temperature in-
dependent intensity is found between O and 40 K.
In our case it is difficult to find such a character
below Ty although 3D ordering appears in the low-
temperature region. This is consistent with the idea
that 3D ordering is only a marginal effect in
BaMnF,, which exhibits preponderantly 2D spin
correlations of the Heisenberg type.*!

2. Peak energy

According to the calculation on 3D RbMnF;,*
the peak energy of the magnon sideband is almost
independent of temperature at low temperatures
near 0 K, and, as temperature is raised, it decreases
with temperature and then reaches a constant value.
A very weak maximum is superimposed at Ty (see
Fig. 9 of Ref. 37). A similar T dependence is ob-
served for 2D EAMC and PAMC, but the
temperature-independent region extends until near
Ty and no singularity is observed at Ty.** The
behavior of the peak shift observed in the D, mag-
non sideband (Fig. 8) seems to correspond to the 3D
case at low temperatures rather than to the 2D case,
since the temperature-independent region observed
around T =0 is very narrow. Thus the 3D character
seems to appear prominently at low temperatures al-
though an expected weak singularity is not observed
clearly at T =Ty.

3. Halfwidth

When the temperature is raised from 0 K, the cal-
culated halfwidth W (T) of the cold band in 3D
RbMnF; increases in proportion to a T2-like func-
tion and reaches a maximum at T =Ty, and then
decreases gradually to become constant at high tem-
peratures.’’ On the other hand, the theoretical
halfwidth of 1D TMMC exhibits a T dependence of
a T'/2.like function, that is, it increases monoto-
nously with temperature without a singularity at Ty
and takes a constant value at high temperatures.
It is difficult to measure the halfwidth of the mag-
non sidebands in BaMnF, precisely, because the

magnon sidebands observed in the D band are not
well resolved. A simple line shape is found in the E
band, which consists of two broad bands, E; and
E,, peaking at 332.8 and 329 nm at 4.5 K. Each
line shape is believed to be an envelope formed from
the superposition of many unresolved magnon side-
bands. In curve a of Fig. 13 we show the T depen-
dence of the halfwidth of the E; band. The
halfwidth increases gradually with increasing tem-
perature in the low-temperature region, which is
similar to the 3D case, changes the rate of increasing
at about 45 K, and increases very slowly in the
high-temperature region just as in the 1D case.
Thus although neither theoretical nor experimental
curves to be compared with our curve have been
given on the halfwidth in 2D antiferromagnets, it
seems that the 3D character appears weakly at low
temperature, as is expected.

In order to find a symptom of three dimensionali-
ty in BaMnF, clearly, we choose the D, band, which
is so strong and well resolved that it is easy to mea-
sure the halfwidth. Unfortunately, the D, band is
not a magnon sideband but a pure exciton band.
Neither theoretical nor experimental studies have
been made on the halfwidth of a pure exciton band
in the 2D or 3D antiferromagnet. We can expect
that, as temperature is increased, interactions with
phonons and magnons will affect the exciton line,
for example, giving rise to broadening. At low tem-
peratures below Ty, the effect of magnons (i.e., ex-
change interaction) is expected to be stronger than
that of phonons in antiferromagnets, giving rise to
the same phenomenon as in the case of the magnon
sideband. Indeed, similar effects of exchange in-
teraction have been observed on the peak shift of
both the magnon sideband and pure exciton band in
CsMnF;. 141
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FIG. 13. Temperature dependence of the half-width of
the E; (curve a) and D, (curve b) bands measured on the
(b,c) and (a,c) planes using E||c and E||a light, respective-
ly.



27 EXCITON AND MAGNON-SIDEBAND ABSORPTION IN THE. .. 3775

We find a marked cusp at Ty in the halfwidth of
the D, band as shown in Fig. 13 (curve b). Such a
cusp is found in the theoretical T dependence of the
halfwidth of the magnon cold band in 3D
RbMnF;.37 The cusp at Ty may be interpreted by
the exchange splitting of the ground state due to the
spontaneous onset of the long-range exchange field
due to 3D interactions at Ty and the subsequent de-
pletion of the magnon states on lowering the tem-
perature. Moreover, we find that the T-dependence
curve of the D, band up to T =Ty is similar to
theoretically’’ calculated T dependence in the low-
temperature region up to Ty. Thus we can find the
presence of 3D spin ordering to BaMnF, from the
pure exciton band. Unlike the case of magnon side-
bands in purely 3D RbMnF;, however, the singulari-
ty is not so prominent, suggesting that the three
dimensionality is not so pronounced as is expected
for BaMnF,.

F. Luminescence

Goldberg et al. observed three broad emission
bands peaking at about 600, 640, and 720 nm in
BaMnF,, which disappear above 110 K, and as-
signed them to the emission from Mn?* ions per-
turbed by nearby impurity ions.® Such an impurity-
induced luminescence has been observed in other
Mn?* compounds.*? Since the impurity-perturbed
Mn?* ions have the excited energy levels below the
lowest excited level 4T1g (D) of the pure Mn?* ion,
these ions can act as traps of mobile excitons ori-
ginated from unperturbed Mn?* ions. The trapped
excitation energy is released as luminescence, which
is characteristic of the individual perturbed Mn?*
ion. As the temperature is raised, a shallow trap can
no longer retain the excitation energy and releases it
into the crystal by thermal agitation, resulting in a
decay of the luminescence characteristic of the shal-
low trap. The released excitation energy is believed
to be either transferred to deeper traps, producing
another luminescence, which is characteristic of the
deep traps, or quenched during the diffusion of exci-
tation energy by nonradiative multiphonon process-
es.*? The 600-nm emission of BaMnF, was reported
to have a maximum intensity at about 10 K.® This
temperature is interpreted as a critical temperature,
which gives a measure of trapping or detrapping of
excitation energy by the localized trap. Here we in-
vestigate the 600-nm emission in detail to make sure
of the existence of such a shallow trap in BaMnF,.

Figure 14 shows the emission spectra produced by
the excitation in the 4 band at various temperatures.
The same spectra were also obtained by the B- or C-
band excitation. As the temperature is raised from
4.5 K, the 600-nm emission band grows gradually,
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FIG. 14. Emission spectra produced by the excitation

in the 4 band at various temperatures. Unpolarized light

was irradiated on the (b,c) plane and luminescence emit-

ted from the (a,c) plane was detected. A Philips 150 UVP

photomultiplier was used as detector, which has appreci-
able sensitivity only at the high-energy side of 650 nm.

has a maximum intensity at about 33 K, decreases
gradually until about 60 K, but rapidly from 80 K,
and disappears at about 130 K as shown in Fig. 15.
Unlike the observation made by Goldberg et al.,?
the 600-nm emission is not observed to have a max-
imum intensity at about 10 K. It is noticed that the
T-dependence curve of the emission intensity is
quite similar to that of absorption intensity (Fig. 5)
in a temperature region below 60 K, where antifer-
romagnetic spin ordering appears. Such a T depen-
dence has never been observed in both 2D and 3D
antiferromagnetic Mn?* compounds.**** Our T
dependence is interpreted as follows. In the antifer-
romagnetic phase the excitation energy is localized
and not diffused into the crystal, because exciton
transfer into nearest neighbors by spin-exchange in-
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FIG. 15. Temperature dependence of intensity (band
area), peak height (curve a), and peak position (curve b) of
the 600-nm emission band produced by the 4-band excita-
tion. The band area is plotted so as to coincide at its max-
imum with the maximum in the curve of the peak height.
It is seen that the band-area points follow the curve of the
peak height (peak intensity) quite well.
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teraction is not allowed between two antiparallel
magnetic moments.”!! The Mn?* ions, which are
near impurity-perturbed Mn?* ions, however,
transfer the excitation energy into the nearby per-
turbed Mn?* ions since the antiferromagnetic cou-
pling between two Mn?* ions is relaxed around the
impurity ions. Thus the excitation energy released
by the pure Mn?* ions is trapped by the perturbed
Mn?* jons via the short-range transfer and used to
produce the luminescence. In such a short-range
transfer it is believed that the intensity absorbed by
the pure Mn?* ions is nearly directly (i.e., without
an appreciable loss along the migration path)
transferred into the nearby traps. Therefore the
emission intensity reflects the original absorption in-
tensity, i.e., the T-dependence curves of both intensi-
ties are similar to each other below 60 K. On the
other hand, in BaMnF, the exchange-induced exci-
ton transfer among pure Mn?* ions is not negligible
below Ty, because a weak ferromagnetic moment
arises due to a slight canting of the spins.> Hence the
presence of long-range exciton transfer modifies the
one-to-one relationship between the emission and ab-
sorption intensities. Indeed, the Tp,, of the emis-
sion intensity is observed to shift by about 10 K
from T, of the absorption intensity.

As seen in Fig. 15, the T-dependence curve of the
600-nm emission intensity no longer resembles that
of the absorption intensity above 70 K. This indi-
cates an influence of lattice vibrations, which give
rise to quenching of the luminescence. The effect of
lattice vibrations is also seen in the peak shift of the
600-nm emission band. As shown in Fig. 15, the
peak position of the 600-nm emission band shifts to-
wards lower energy with increasing temperature.
The rate of the red shift is small below 30 K but in-
creases rapidly above about 40 K. The peak shift
between 5 and 80 K amounts to about 450 cm~'.
Such a large shift cannot be explained by the
exciton-magnon interaction only. The electron-
phonon interaction plays an important role for the
peak shift as in the case of the 2D antiferromagnet
EAMC.* The experimental result that the vibra-
tional effect appears obviously above 70 K is also in
agreement with the linear birefringence measure-
ments.*

IV. DISCUSSION

As mentioned in Sec. III B, the optical anisotropy
of the exciton absorption bands have been pretty
well understood within the framework of the so-
called single-ion (one-ion) electric dipole mechanism.
Atlhough the effect of the spin-exchange interaction
mechanism between two Mn2* ijons (two-ion pro-
cess) is not negligible for the exciton band as seen in

Sec. II1 E 3, we can show, from the T dependence of
pure exciton absorption intensity, that such a one-
ion process is not an unreasonable assumption for
BaMnF,. According to the calculation on the zero-
magnon (i.e., exciton) line intensity in antiferromag-
nets,*® (i) in the one-ion process, where exciton ab-
sorption is electric dipole allowed by odd crystal
field and spin-orbit interaction as in our case, the in-
tensity has a maximum value at T =0, being invari-
able in the temperature region of 0 < T <0.3Ty, but
decreases gradually as the temperature is increased
up to Ty; whereas (ii) in the two-ion process, the in-
tensity is zero at T' =0, increases as the temperature
is increased, has a broad maximum near 7'y, and de-
creases as the temperature approaches Ty. The T
dependence of the exciton band observed in Cr,O3;
has been explained using a mixture of these two pro-
cesses.*® A T dependence similar to the case of
Cr,0; has also been observed for exciton bands in
CsMnF;.!* We believe that the T dependence of
CsMnF; is also understood by a competition of
these two processes just as in the case of Cr,0;.

On the other hand, the T dependence of the inten-
sity of the pure exciton bands in BaMnF, is quite
similar to the theoretical curve derived under the
one-ion process.*® The spin-exchange interaction J
between two magnetic ions is |J| =60 cm~! for
Cr,05,% whereas |J, | (along the c direction) =4.7
cm~! and |J,| (along the zigzagging a direction)
=3.4 cm~! for BaMnF,.> The J value is, hence,
considerably smaller in BaMnF, than in Cr,03, sug-
gesting that the two-ion process is more important
in Cr,O; than in BaMnF,, since the exchange in-
teraction must be strong for the appearance of the
two-ion process. Therefore our suggestion that the
contribution of the two-ion process is less prominent
than that of one-ion process is confirmed to be
reasonable.

Next we discuss the dichroism observed in_the
single-exciton bands obtained in E||a, E||b and E||c
spectra. From Table I we find that the values of
fa» [p, and f, are almost comparable with each oth-
er for the 4, B, D, and F bands (called type-I bands
hereafter), whereas the f, value is much larger than
the f, or f, value for the C, E, and G bands (type-1I
bands). In order to understand the optical anisotro-
py depending on the band, we first consider the site
symmetry around a Mn?* ion. Each Mn?* ion of
BaMnF, has two nearest-neighboring Mn2?* ions
along the c axis, two Mn?* ions in the (a,c) plane,
and two Mn?* ions along the b axis. Thus the cen-
tral Mn?* ion has the site symmetry C,, with a two-
fold axis along the ¢ axis, if six F~ ions associated
with each Mn?* ion are assumed to form a regular
octahedron. Under the C,, local symmetry the T,
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level responsible for the 4 and F bands splits into
“4,, *B,, and *B, levels, and the 4T23 level respon-
sible for the B and D bands has the same splitting as
the 4Tlg level, whereas the 4Eg level responsible for
the C and E bands splits into two “4, levels. We
find that the excited states responsible for type-I
bands consist of the “4,, *B;, and “B, states,
whereas those for type-II bands merely consist of
the same two or three “4, states. Therefore, from
the experimental result that all the bands belonging
to type I exhibit similar optical anisotropy and the
same is true for the type-II bands, it is suggested
that the anisotropy of the single-exciton band is
predominantly determined by the kind of excited
state, although it is necessary for the calculation of
oscillator strength to take into account the compli-
cated selection rules for exciton-magnon, exciton-
phonon, and exciton-magnon-phonon transitions*’
involved in a single-exciton band. Indeed, this sug-
gestion is supported by another experimental result
that the anisotropy is different between types I and
II, since the A4, electronic state responsible for the
type-II bands is polarized parallel to the ¢ axis,
whereas the B; and B, states responsible for the
type-1 bands are polarized perpendicularly to the ¢
axis.

Here we try to find a reason why the f,, f}, and
fe values of the type-I band are approximately equal
to each other. The electronic transition from the
ground state °4;, (°4; in C,, symmetry) to the ex-
cited states of the A —G bands is spin forbidden, but,
since the practical ground state contains the 4T1&a
(B, in C,, symmetry) and 4Tlg,3 (“B,) states as
mentioned in Sec. III B, the transition becomes al-
lowed. Taking into account the selection rule for
the electric dipole transition in C,, symmetry (for
example, the ‘B, —*4, transition is allowed for Elc
polarization), all the type-I bands are allowed for
both E||c and Elc polarizations, whereas all the
type-1I bands are allowed for only E||c polarization.
The former result is consistent with the experiment
qualitatively, but the latter result is not successful in
explaining the appearance of a distinguishably large
fe value. This indicates a limit in the use of the
single-ion (not exchange induced) electric dipole
mechanism for the type-II bands.

V. CONCLUSIONS

We note the following. (1) The entire absorption
spectrum of the pyroelectric antiferromagnet
BaMnF, observed in the visible-ultraviolet region is
quite similar to that of usual antiferromagnets like
MnF, and RbMnFj; the spectrum consists of seven
single-exciton bands associated with a Mn?* ion and

three double-exciton bands. In most Mn’** com-
pounds, the one-ion pure exciton transitions associ-
ated with d>—d? electronic transitions of Mn?* are
parity forbidden, since the Mn?* ions lie at a center
of inversion, and therefore weak magnetic dipole
transitions are responsible for the pure exciton ab-
sorption observed so far. The two-ion exciton-
magnon process, where the magnon disturbs the in-
version symmetry and induces an electric dipole
transition, not for a Mn2* monomer center but for a
Mn?* dimer center, plays a very important role in
inducing a strong absorption intensity for the single-
and double-exciton bands. It has been nearly twelve
years since an electric-dipole-allowed pure exciton
absorption band in Mn’* compounds was first
found in CsMnF; by Belyaev et al.'> We found an
electric-dipole-allowed exciton absorption in a
single-exciton band (D band) in BaMnF,, from the
observation of an unusual temperature dependence
of the D-band intensity. From the investigation of
the optical anisctropy of the pure exciton band, we
found that the noncentrosymmetric position of
Mn?* ions, which is responsible for the appearance
of the exciton band, is produced by the pyroelectric
moment induced by Ba’* ions; that is to say, the ex-
istence of the anisotropy of the pure exciton band is
explained as being due to pyroelectricity.

(2) The three-magnon hot band has been theoreti-
cally predicted to appear in antiferromagnets, but it
has not been observed yet. We found the three-
magnon hot band at the low-energy side of the one-
magnon hot band, which appears at the low-energy
tail of the pure exciton band observed in the D band.
The estimated magnon energy is consistent with the
magnon dispersion obtained by neutron scattering.

(3) The appearance of three-dimensional spin or-
dering, which has been suggested from the magnetic
susceptibility measurements, has been optically con-
firmed from the temperature dependence of the in-
tegrated intensity and peak energy in the magnon
sideband and of the halfwidth of the pure exciton
band. However, the observed three-dimensional
character is quite weak and superimposed on the
two-dimensional character. This is consistent with
the fact that BaMnF, has a layered crystal structure
and therefore is expected to exhibit two-dimensional
behavior predominantly.

(4) The temperature dependence of the 600-nm
emission intensity in the low-temperature region of
T <60 K has been observed to be quite similar to
that of the single-exciton band intensity. This is un-
derstood by an involvement of a short-range
excitation-energy transfer mechanism, which occurs
between Mn’*-ion sites and nearby impurity-
associated Mn?* -ion sites.
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