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Absorption and magneto-optical properties of the Azg - 'Tzs transition in CsNiF3.
II. Pure-exciton and hot-magnon bands in a one-dimensional ferromagnet
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Absorption spectra associated with the lowest-energy region of the spin-forbidden transition
A2~~'T&~ in CsNiF3 are investigated in the one-dimensional ferromagnetic phase in magnetic

fields up to 4.5 T. Pure-exciton bands are found to have a linear blue shift with a field applied in
the easy plane, whereas the hot-magnon band shifts slightly to lower energies. When the field is in-
creased the intensity of the exciton bands increases and the absorption due to the hot-magnon band
decreases. An anomalous behavior of the band intensities and the half-widths is observed in fields
below 1 T. The structure of the exciton spectra and their field dependence are discussed by using an
energy-level scheme obtained by a single-ion approximation. The properties of the hot-magnon side-
band are explained by the exciton creation accompanied by the annihilation of a thermally excited
magnon at the Brillouin-zone edge. The anomalies of the exciton and the hot-magnon bands ob-
served in low fields may be understood by the reduction of spin fluctuations in a magnetic field ap-
plied in the easy plane of magnetization.

I. INTRODUCTION

The properties of one-dimensional (1D) magnets are of
current interest, especially as concerns the problem of
magnetic solitons. ' Although the existence of magnetic
solitons has not been confirmed by optical methods, inves-
tigations of pure;exciton as well as phonon and magnon
sidebands provide important information about spin
dynamics in low-symmetry magnetic materials. Up to
now various 1D magnetic insulators have been investigat-
ed by means of optical spectroscopy, e.g., 1D antifer-
romagnets tetramethyl ammonium trichloride (TMMC)
(Refs. 2 and 3), CsMnC13 2H20 (Refs. 2 and 4), and
CsMnBrq 2HpO (Ref. 2), and 1D ferromagnets AFeC13
( A =K,Rb,Cs) (Ref. 5) and CsNif3 (Refs. 6—10).

The spin-allowed A2g~ T2g, Tlg transitions of Ni +

ions in CsNiF3 have been investigated extensively by using
both optical-absorption and Raman scattering spectros-
copy. Recently we studied the absorption, magnetic
circular dichroism, and the Faraday rotation spectra of
the spin-forbidden transition Azz~'T2s in this material
and found a hot-magnon band in addition to pure-exciton
transitions' (Ref. 10 is denoted paper I hereafter). The
specific temperature dependence observed for the hot-
magnon band was connected to the presence of 1D fer-
romagnetic order in the crystal. In the present paper a de-
tailed level assignment is given for the pure-exciton and
the hot-magnon bands. We also discuss the contribution
of the exciton dispersion to the structure of the 8 and C
bands in relation to the crystal-field splitting of the T2g
level and give further evidence for the earlier interpreta-
tion of the A band as a hot-magnon band. '

In CsNiF3, which has a hexagonal crystal structure, the
Ni + ions are located in the center of fluorine octahedra

(see Fig. 1), which are slightly distorted along the c axis so
that the site symmetry of Ni + is D3d. When the spin
orientation is taken into account, the symmetry is further
reduced to C2~. Below T~ ——2.61 K CsNiF3 is a 3D anti-
ferromagnet. Above this temperature the exchange cou-
pling between the Ni + ions is much stronger along the c
axis than along the a and b axes, leading to the appear-
ance of 1D Heisenberg ferromagnetism. The magnetic
moments are bound to the a-b plane by the strong single-
site anisotropy. Because the in-plane anisotropy is com-
paratively small, magnetic-field-induced effects can be ex-
pected in the behavior of the 3, B, and C bands when the
field is applied along the easy plane. Cibert and Merle
d'Aubigne have observed a drastic reduction of the
linewidth of the Azg~ T2g exciton band in the field re-
gion of 0.3—1.2 T. In this paper we (1) investigate wheth-
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FIG. 1. Crystal structure of CsNiF3.
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FIG. 5. Variation of the area of the A, B, and Cbands under
the magnetic field Hj.c. The area is plotted for the difference
from the area at H=0 divided by that observed at H=0.

III. DISCUSSION

A. B and Cbands

The dipole nature of an optical process giving rise to an
absorption band can be determined from the anisotropy of
the absorption, i.e., by measuring the 0.-, m-, and +-
polarized spectra. ' The a spectrum (k~~c, EJ.c) can be
seen from Fig. 3(a) of paper I. The A band can be easily
assigned to an electric dipole transition since it appears in
the o and a polarizations but not in the m. polarization.
This supports our earlier interpretation of the origin of
the A band because the electric dipole nature is expected
for a magnon sideband. The 8 and C bands are predom-
inantly o. polarized although they appear weakly also in
the m spectrum. The magnetic dipole character is expect-
ed for zero-phonon, zero-magnon (pure-exciton) lines as-
sociated with the spin- and parity-forbidden Aqs~'Tzs
transition of the Ni + ion with D3~ site symmetry, but on
the basis of the experimental spectra we cannot exclude
the possibility that both the magnetic and electric dipole

Figure 7 shows the field dependence of the half-width of
the A band at different temperatures and that of the 8
band at 7 K. A rapid narrowing of the bands is observed .

in the fields below 1 T. This is in accordance with the
narrowing reported earlier for the pure-exciton line of the
A2g~ T2g transition.
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FIG. 7. Variation of the half-width of the A and 8 bands
with the magnetic field applied in the easy plane.

0

transitions are responsible for the 8 and C bands.
Because there is no long-range magnetic order in a 1D

ferromagnet above 0 K, the concept of exciton is properly
defined only when the crystal is in an external magnetic
field, which increases the spin-correlation length. To clar-
ify the origin of the 8 and C bands, an energy-level
scheme of isolated Ni + ions in CsNiF3 was constructed
by considering first the cubic part of the crystal field, then
the spin-orbit interaction, the trigonal D3d part of the
crystal field, and finally the reduction of the space-group
syrnrnetry to C2~ when the spin is taken into account.
The components arising from the A2g~'T2g transition
in this level scheme are shown in Fig. 8. The transitions
from the As ground-state level into the three levels of the
'T2g state are magnetic dipole allowed. The transition to
the As component of the excited state is o.-polarized,
whereas the transition to the Bg component is both o and
m. polarized. Taking into account that (1) all the 8, C~,
and C2 bands appear in the o. polarization, (2) the C& and
Cz bands are overlapped with each other, well separated
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FIG. 6. Semilog plot of the A-band area against the magnetic
field in the easy plane.

C2h

FIG. 8. Single-ion level scheme of Ni + under O~ crystal-
field symmetry, spin-orbit interaction, and D3d and C2I, symme-
try. The arrows indicate magnetic dipole trarisitions.
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FICr. 9. Schematic dispersion curves of excitons and magnons
in CsNiF3 along the reduced wave vector q, . The energy of the
ground state A2z(M, = —1) is taken to be —gp&H. The ex-
planation of the arrows from (1) to (4) is given in the text.

from the B band, and (3) that the Cz band is not very
clearly observed in the ~ spectrum, we assign these bands
as shown in Fig. 8. Hence the 8 band is associated with
the A~('Tzx) state and the C& and Cz bands with the Bs
and Az states, which arise from the splitting of the
doubly-degenerate Ez('Tzs) state in D3d symmetry. The
observation of the B band also in the ~ polarization, how-
ever, does not agree with the above assignment. This
discrepancy can be explained by the closeness of the
ground-state components B~( Az~) and As( Az~) and
by taking into account that the B~( Azs)~A~('Tzz) tran-
sition involves the ~ polarization.

The Az component of the ground state is believed to
correspond to the 5 = —1 spin state in the exchange
field, where the spin is assumed to be oriented along the

y axis in the easy plane. When the magnetic field is ap-
plied in the direction of the spin, the energy of the pure-
exciton transitions from the S = —1 ground state into the
'Tzs state should be shifted to higher energies by an
amount gp~H. This agrees with the experimental results
which show that (1) the B, C~, and Cz bands exhibit the
same blue shift in proportion to H, and (2) the g value es-
timated from the slope of the blue shift is 2.57, which is
close to g =2.4 obtained from magnetic susceptibility
measurements. ' The above level assignment for the 8
and C bands is consistent with the magnetic circular di-
chroism (MCD) spectra reported for these bands in paper
I. As can be expected for transitions form the
Az(S~= —1) ground state to a nonmagnetic excited state,
the MCD line shapes of these bands are quite similar to
their absorption line shapes.

According to Fig. 1 of paper I, the 'Tz& band is partial-
ly overlapped by a strong Tz~ band which is spin al-

lowed. Therefore the spin-orbit interaction between these

states cannot be neglected. When the magnetic field is ap-
plied, the mixing of the two states is further enhanced by
the Zeeman interaction of the spins and we can expect
that the transition moment of the Azs~'Tzs exciton
bands will grow in proportion to H . The observed
enhancement of the B and C bands in magnetic fields
below 1 T is consistent with this expectation (Fig. 5).
However, it is observed that the band intensities deviate
from the H law above 1 T, where they increase almost
linearly with the field. This behavior can be qualitatively
understood as follows. The absorption intensity is propor-
tional not only to the square of the transition moment but
also to the population of the ground state. Taking into
account that the ground-state energy decreases with the
increasing magnetic field by the Zeeman effect, a mono-
tonic increase, approximately proportional to H, can be
expected in the absorption strength. ' Therefore it seems
likely that the transition-moment part would be predom-
inantly responsible for the rapid enhancement of the 8
and C bands in the low-field region, whereas the ground-
state —population part becomes more important in the
high-field region. The anomalous increase of the intensity
of the B and C bands occurs in the same region of mag-
netic fields where the half-widths of the bands and the in-
tensity of the hot-magnon band decrease rapidly. This
suggests that the reduction of spin fIuctuations by the
magnetic field contributes to the increase of the intensity
of the 8 and Cbands.

B. Hot-magnon band

Various processes relevant to the absorption of light in
a ferromagnet are shown in Fig. 9, where the magnon
dispersion, obtained from neutron scattering measure-
ments, " is included, The hot-magnon band arises from
an exciton-magnon coupling which induces the creation of
an exciton [process (2) of Fig. 9] accompanied by an an-
nihilation of a thermally excited magnon [process (3)].
Hence, the hot-magnon band is due to processes (2) + (3),
whereas the pure-exciton absorption corresponds to pro-
cess (1). In the exciton-magnon coupling the Brillouin-
zone-edge magnon (q, =1 in Fig. 9) is known to be re-
sponsible for the peak position of the absorption band, '

as marked by arrow (3). Thus the peak energy of the hot-
magnon band in a magnetic field is given by

E = W'(q, = —1)—W (q, =+ I )+gp~H b, W (H), —

(2)

where 8" and 8' are the exciton and magnon energies
at the zone edge' at H=O, and b, W~(H) means the mag-
non energy shift at the zone edge when the magnetic field
is applied. According to the neutron scattering measure-
ment" the energy shift is linear in the field and indepen-
dent of the reduced wave vector q„except near the zone
center. The actual values are b, W~=5.65 cm ' (0.70
meV) at H=4. 1 T and q, =0.35 and b, W =8 cm ' at
H=4. 1 T and q, =O. This indicates, assuming that the
contribution of the nonmagnetic 'Tzz state to 8" is in-
dependent of magnetic field, that the position of the hot-
magnon band is shifted in proportion to H. This is con-
sistent with our experimental results, which were analyzed
as follows. The value of gpzH was obtained from the
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shift of the peak of a pure-exciton band (Fig. 4), which is
4.8 cm ' at 4.1 T. From the neutron scattering results"
it was estimated that the shift of the A band should be
—0.9 cm ' in a field of 4.1 T. This is close to the experi-
mental value, —1.2 cm ', observed in the same field (Fig.
4), and gives support to the suggestion made in paper I
that the A band is attributable to zone-edge magnons.

From process (4) in Fig. 9 we can expect the observa-
tion of a hot-magnon band which involves a zone-center
magnon. In zero magnetic field the energy gap between
the ground state and the zone-center magnon state is con-
sidered to be so small' '" that it is impossible to separate
the transitions from the ground state and magnon states
by using optical methods. In a strong field the gap energy
is larger, and the conditions for the observation of zone-
center magnons become more favorable. Indeed, such a
state has been observed by Raman scattering in a field of
4.7 T. We tried to observe a zone-center magnon band
under the tail of the 8 band but without success. The X
band shown in Fig. 3 cannot be assigned to a zone-center
magnon because its separation from the 8 band, about 37
cm ', is too large. Cibert and Merle d'Aubigne have ob-
served a weak band on the low-energy side of the
A2g —+ Tzg pure-exciton line. This band is resolved

from the background under a magnetic field, and as the
field is increased the band shifts to lower energies and its
intensity decreases. When we plot the separation between
the pure-exciton band and the sideband against 8 by us-
ing the data of Ref. 8, we find that it resembles the
magnon-gap energy at the zone center, '
[gpiiH(A+gpii)]', quite well. Taking into account
that the intensity of this band decreases with increasing
magnetic field, as was the case for the A band, this side-
band can presumably be attributed to the hot-magnon
band involving the zone-center magnon.

Let us return to the decrease of the intensity of the A
band in a magnetic field. Because the transverse field in-
creases the energy of magnons by an amount b, W (H),
their population is decreased at a finite temperature by a
factor exp[ b, W (H)/kii T]—, giving rise to a reduction of
the intensity of the hot-magnon band. As can be calculat-
ed from the values given above, b, W (H) is equal to
1.38H cm ', where H is given in T. Therefore, if the
variation of the population is assumed to be predominant
for the reduction of the absorption intensity, we can ex-
pect that the absorption of the hot-magnon band should
be proportional to exp( —1.38H/k~T). It was found that
above 1.5 T (Fig. 6) the intensity of the A band is propor-
tional to exp( —1.2H/k&T), agreeing rather well with the
above expectation. This suggests that the reduction of the
intensity of the A band results froui the reduction of the
population of magnons due to their energy shift. A simi-
lar interpretation has been proposed also for the field
dependence of a hot-magnon band in a 2D ferromagnet. '

However, contrary to this example, the exponential law
does not fit in the present case in fields below 1.2 T,
where a more rapid reduction of the intensity of the A
band was observed.

An anomalous narrowing of the pure-exciton line
associated with the A2g~ T2g transition has been found
in magnetic fields below 1 T. We observed a very similar

narrowing of the pure-exciton bands and the hot-magnon
band of the Azg~'T2g transition. This indicates that the
narrowing is a characteristic of the ground state rather
than of the excited state. So far, three processes have been
proposed to contribute to the bandwidths of the exciton
lines in CsNiF3. appearance of magnetic solitons, mul-
timagnon states, and spin fluctuations. ' Unfortunately,
there are no theoretical predictions available about the
field dependence of these three contributions to the half-
width of the exciton and hot-magnon bands in a 1D fer-
romagnet. However, taking into account that (1) the
anomaly has been observed both in the half-widths and
the absorption intensities of the exciton bands and of the
hot-magnon band, and (2) that these anomalies correspond
to the field dependence of the magnetization, " the spin
fluctuations seem to be a conceivable mechanism. We
also observed that the half-width of the hot-magnon band
is proportional to the temperature in a similar way to the
half-width of the magnon peak observed by neutron
scattering" and interpreted by the temperature depen-
dence of the spin-correlation length. The magnetic-field-
induced narrowing of the A band is clearly temperature
dependent. In the field of 3.5 T the half-width of the
band is reduced by 23% at 6.8 K but only by 12% at 13.3
K. The reduction of the band intensity is about 75%%uo at
6.8 K and about 40% at 14 K in the saine field. This in-
dicates that thermal fluctuations of spins are responsible
for the anomalies of the A band as well as of the 8 and C
bands, especially when the external field is not strong
enough to align the spins. The contribution of solitons'
or multimagnon states to the linewidths of the exciton
bands is still an open question. Within the accuracy of
the existing experimental data, a conclusive analysis of
this question is hardly possible.

Finally we discuss the origin of the X band shown in
Fig. 3. We have already pointed out the difficulty of as-
signing this band to a zone-center magnon sideband of the
8 band. Here we temporarily propose the following as-
signment. As mentioned above, the 8~( Aig) level is lo-
cated close to the ground-state level As( Azg). Therefore
it is impossible to separate by optical methods the transi-
tions into the Ag level and the Bg level in process (3) in
Fig. 9. In a strong magnetic field the separation between
the Ag and the Bz levels becomes large since the Bg state
has M, =0 (Ref. 7) and the As state has M, = —1, so that
a hot-magnon band may be detected when the magnons
are annihilated to the Bg state and the excitons are created
by process (2) in transitions from the As ground state. In
this case the new hot band is located on the high-energy
side of the A band, at the position &E» W(Ag)+gp~H. ——
If we assume that the X band corresponds to this type of
hot band, the value of W(Bg ) —W(Ag) is estimated to be
about 8 cm ' from AEz ——13 cm ' measured in the field
of 4.4 T. This energy difference is not unreasonable be-
cause it is expected to be of the same order with the ex-
change energy J=7.99 cm '. '" When the magnetic
field is increased, such a hot band is expected to be shifted
to higher energies and its intensity should be decreased.
This is qualitatively consistent with observation. The
disappearance of the X band at high temperatures can be
understood because under the conditions kiiT~ W(Bs)
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—W(As) the splitting between the As and Bs states be-
comes meaningless in the transition process.

IV. CONCLUSIONS

The no-phonon, no-magnon exciton absorption bands
8, C&, and C2, observed in the 1D ferromagnetic and 3D
antiferromagnetic phases of CsNiF3, are attributable to
transitions to the components of the 'T2s state in C2p,

syrnrnetry. The pure-exciton bands have both electric di-
pole and magnetic dipole character. The hot-magnon

~'

band (3 band) observed in the 1D ferromagnetic phase is
due to electric dipole transitions. The dependence of the
position and the intensity of the hot-magnon band on a
magnetic field applied in the easy plane is understood by
the energy shift of Brillouin-zone-edge magnons due to
the field. The magnetic-field-dependent anomalous
behavior of the half-width and the absorption intensity of
both the exciton and the hot-magnon bands in fields
below 1 T is suggested to be caused by the reduction of
the in-plane spin fluctuations.
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