PHYSICAL REVIEW B

VOLUME 45, NUMBER 1

1 JANUARY 1992-1

Temperature dependence of the optical exciton-magnon absorption lines in MnF, crystals
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The temperature dependence of the exciton and magnon sideband absorption has been investigated in
MnF, crystals. A good agreement of the experimental data with Shinagawa and Tanabe’s theoretical
calculation has been obtained for each intensity of the cold and hot magnon sidebands. A general ex-
pression of the temperature dependence for the hot sidebands, which occur in one-, two-, and three-

dimensional spin-coupling systems, is presented.

I. INTRODUCTION

MnF, has a rutile-type crystal structure and shows a
three-dimensional (3D) antiferromagnetic spin coupling
below 67.3 K (=Ty). Several broad absorption bands
are observed in the vis-uv region below 550 nm as seen in
Fig. 1. They are due to the d°*—d”® transition in Mn**
ions.! The integrated intensity of each band has a ten-
dency to increase with increasing temperature. As shown
in the inset of Fig. 1, the temperature dependence is
different among the absorption bands: unlike the absorp-
tion band due to the ¢4 1g—>4T1g(4G) transition in Mn?™*
ions (called the A band), the ¢4,,—*T, (*G) band (B
band) slightly increases at high temperatures. No
theoretical work has been reported to explain such a
different temperature dependence. The reason is that
each band is composed of many lines due to excitons (i.e.,
zero-magnon, zero-phonon lines), excitons coupled with
one and/or multiple magnons (i.e., exciton-magnon lines

or magnon sidebands),! excitons coupled with phonons
(i.e., exciton-phonon lines), and excitons coupled with
both magnons and phonons (i.e., exciton-magnon-phonon
lines), and the relative number of these components is
different among the Mn?* absorption bands. Tanabe and
his collaborators, however, have derived the general for-
mula for the magnon sidebands theoretically and the tem-
perature dependence of the intensity, peak position, and
half-width for the sidebands of MnF, and RbMnF,.2~*
There are two kinds of magnon sidebands: one is a
cold sideband, which decreases with increasing tempera-
ture, the other is a hot sideband, which grows with in-
creasing temperature. So far, the temperature depen-
dences of the peak position and half-width of the cold
sideband observed in MnF, have been compared with the
sublattice magnetization or with magnetic energy.’’
Although an agreement of the experimental data with the
magnetization or magnetic energy was obtained, the ex-
perimental data should be compared with the theoretical
calculation® which is made using three-spin and four-spin
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FIG. 1. Absorption spectrum of a MnF, crystal at 26 K which was taken using o-polarized light. In the inset is shown the tem-
perature dependence of the integrated intensity for each of the 4 and B Mn?* absorption bands.
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correlation functions in addition to two-spin correlations.
Recently Kleemann and Uhlig studied the intensity and
half-width of an absorption band composed of the cold
and hot sidebands in FeF,.® The obtained temperature
dependence is similar to the theoretical one expected for
MnF, and RbMnF;, but the exact comparison of the ex-
perimental data with the theoretical results is not possible
because no calculation has been done for the temperature
dependence of magnon sidebands in FeF,.

Although a reliable theoretical calculation has only
been made for MnF, and RbMnF;,%>~* the comparison of
the experimental data with the theoretical prediction has
not been made for each of the cold and hot sidebands in
these crystals, except a rough comparison by one (T.T.) of
the present authors’® for the hot sideband of MnF,. The
rough comparison was inevitable, because the detailed
temperature dependence for each of the cold and hot
sidebands had not been measured. In this paper we ex-
amine the temperature dependence of the cold and hot
sidebands in MnF, experimentally and compare it with
the theoretical calculation.

II. EXPERIMENTAL RESULTS

Figure 2 shows the temperature dependence of fine
structure appeared at the low-energy tail of the o-
polarized 4 band. Two weak lines, named M1o and
M20, appear at 542.95 and 542.45 nm at 26 K, respec-
tively, and two intense lines, Eloc and E2o0, appear at
541.30 and 541.10 nm, in agreement with previous mea-
surements.>' The Mlo, M2o, Elo, and E20 lines
were named El, E2, o1, and 02, respectively, by Sell,
Greene, and White,” but we follow the notation by
Meltzer, Lowe, and McClure.!® The letters M, E, and H
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FIG. 2. Temperature variation of the fine structure which ap-
pears at the low-energy tail of the A4 band due to the
¢4, —*T,(*G) transition in Mn?* ions. The spectra were ob-
tained using o-polarized light.

which appear in this paper indicate the magnetic-dipole
line, electric-dipole cold sideband, and electric-dipole hot
sideband, respectively.

As temperature is increased, it is observed that the M1
and M2 lines vanish, and the E1 and E2 lines broaden
and shift towards lower energies. The E1 and E2 lines
are observed to show a large shift at low temperatures
below 75 K but a small shift above 75 K. No anomaly is
observed at T, within experimental error. Unlike the
case of E1 and E2 lines, the M1 and M2 lines do not shift
as expected for the zero-magnon, zero-phonon exciton
lines. When temperature is increased, a line named H lo
is observed to appear at 544.40 nm and grow with tem-
perature (see Fig. 2).

In Fig. 3, the total intensity (area) of the Elo and E20o
lines are plotted against temperature, together with the
integrated intensity of the H 1o line. The E1 and E1 lines
are observed to decrease with increasing temperature
without showing any anomaly at Ty, while the H1 line is
observed to grow with temperature below T, but not
above Ty. In the m-polarized absorption spectra, we also
observed the cold sideband E 17 at 541.80 nm at 26 K
and the hot sideband H 17 at 544.1 nm, in agreement
with the previous result.'© The thermal properties of the
Elm and H1lw lines were quite similar to those of the
Elo (or E20) and H 10 lines, respectively.
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FIG. 3. Temperature dependence of the total intensity of the
o-polarized E1 and E2 cold sidebands (open circle) and of the
o-polarized H1 hot sideband (closed circle). Solid curves are
obtained from the calculation by Shinagawa and Tanabe (Ref. 3)
(see text). In the inset is shown (3InT —Inly) vs T !, where Iy
is the hot-sideband intensity.
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II1. DISCUSSION

Shinagawa and Tanabe have calculated the tempera-
ture variation of the integrated intensity for each of the
cold and hot sidebands in MnF,.> We compare the tem-
perature dependence of the experimentally obtained in-
tensity for each of the hot and cold sidebands in MnF,
with the theoretically obtained one. As seen in Fig. 3, a
good agreement is found for both the hot and cold side-
bands although disagreement is found at the high-
temperature region above Ty. The temperature variation
of our cold sideband is similar to the magnetic energy
which has been obtained from magnetic linear
birefringence,!! while the calculated intensity reaches a
minimum value near T, and takes a constant value at
high temperatures.® The discrepancy above Ty seems to
be due to a difficulty in estimating the intensity exactly
because of extreme broadening above T'y.

The temperature-dependence curve derived by
Shinagawa and Tanabe® is difficult to describe using a
simple function of temperature T, because it was obtained
by numerical calculation. In the following, we try to
derive a simplified function describing the T dependence
of the hot-sideband intensity to understand the property
of the hot sideband intuitively.

In a 2D spin-coupling system, it is known that the hot
sideband is proportional to T2exp(— A /kT), where A is

the energy gap in the spin-wave dispersion, i.e., the mag-
non gap energy at the zone center. 1213 Ina 1D system,
the hot sideband is proportional to T at low tempera-
tures.”!415 From these facts, we assume that the hot
sideband in a 3D system has an intensity proportional to
T3exp(— A /kT). The T dependence is not so unreason-
able because Yen, Imbusch, and Huber and Kleemann
and Uhlig have also expected it.®® Additionally it was
shown, from the comparison with the experimental re-
sult, that such an assumption is not unreasonable.’ To
check the validity of our assumption quantitatively, we
plot 3InT —Inlg(T) against T~ ! as shown in the inset of
Fig. 3 where I, (T) means the hot-sideband intensity at a
temperature 7. A straight line can be drawn from the ex-
perimental data below Ty (see inset of Fig. 3). From the
slope of the straight line, we obtain 4=9.72 cm™!. This
value is close to 8.72 cm ™! of the magnon gap energy at
the zone center for MnF,.!® Therefore it is concluded
that the intensity of the hot sideband in the magnets with
d-dimensional (d=1,2,3) spin coupling is approximately
described by the T¢ dependence law at low temperatures
below Ty .
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