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Optical absorption, magnetic circular dichroism, and Faraday rotation have been investigated in
the region of the spin-forbidden transition *4,,-—'T%; in the one-dimensional ferromagnet CsNiF;.
At low temperatures where magnetic short-range interactions are important, this band shows an
anomalous increase of intensity with decreasing temperature. Below 40 K, a number of small peaks
are observed on the low-energy side of the broadband absorption. From their temperature and mag-
netic field dependences the most prominent features were identified to be exciton lines associated
with the 34,,—'T%, transition. On the low-energy side of these lines, a “hot”-magnon band was
identified on the basis of its position and the intensity which shows a linear increase with increasing
temperature until a saturation is observed at about 12 K. From a comparison between the tempera-
ture dependence of the Faraday rotation and the existing susceptibility data of CsNiF3, it was con-
cluded that the Faraday rotation is directly proportional to the magnetization of the crystal.

I. INTRODUCTION

The crystal structure of CsNiF; is hexagonal (space
group P6;/mmec).! It consists of NiFs octahedra ar-
ranged along the ¢ axis and Cs ions located in the space
between the chains formed by these octahedra. Along the
chains there is a ferromagnetic interaction between the
Ni2* ions, which determines the magnetic behavior of the
crystal. In addition, there is a weak interchain interaction
which leads to a three-dimensional (3D) antiferromagnetic
ordering at Ty=2.61 K.2 Above Ty, CsNiF; is a good
example of a one-dimensional (1D) easy-magnetization-
plane ferromagnet. In this phase the magnetic properties
of the crystal are controlled by the correlation length &(T)
of the spins, which determines the region over which the
system can be considered to be magnetically ordered.

Owing to the combined effects of the trigonal distortion
of the NiFg octahedra along the c axis, the spin-orbit mix-
ing from the upper states, and the exchange interaction,
the ground state of the Ni** ions must be regarded as a
mixture of the I'} and I'T components of the 34,, state.?
In the near ir and the red regions of the spectrum the op-
tical absorption of CsNiF; is governed by the crystal-field
transitions *A,,—>T%,, *T4,, and 1E&,. The zero-phonon
pure-exciton line corresponding to the transition
>A2,—>T5, has been investigated in detail by Cibert
et al.*>% It was shown that the zeroth, first, and second
moments of this band can be related to various spin corre-
lation functions. In particular, the unusual linear tem-
perature dependence of the absorption peak position was
attributed to the 1D ferromagnetic character of the crys-
tal. Abdalian et al.” have used the electronic Raman
scattering method to observe the transitions 3Azg—>3T‘{g
and 3T7g. Both exciton and single-ion descriptions were
applied in this work to identify sharp components of the
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bands.

In magnetic crystals, spin-forbidden transitions may re-
veal features which are attributable to their spin dynam-
ics. Such transitions may become allowed by spin-orbit
mixing or by virtue of exciton-magnon interactions. In
two sublattice antiferromagnets both “cold”- and “hot”-
magnon bands are allowed.>® In a ferromagnet where a
decrease of the total spin projection is associated with an
excitonic transition, a thermally created magnon must be
simultaneously annihilated to conserve the total spin of
the crystal. Consequently, only a hot-magnon band can
be observed in ferromagnetic compounds. Most investiga-
tions of exciton-magnon combination bands in ferromag-
nets have been made in crystals which have two-
dimensional (2D) magnetic interactions. Schnatterly and
Fontana!® have observed a hot-magnon band in FeCl,,
which is an antiferromagnet containing, however, alter-
nating planes with parallel spins. In addition to this work
the intensity of the hot-magnon band was investigated in
a group of 2D ionic ferromagnets of the type 4,CrX, (A
denotes an alkali cation or RNH3;%; X denotes Cl or
Br)!"'2 and shown to obey approximately a T2 law at low
temperatures.

According to the numerical calculation of Ebara and
Tanabe,'> a hot-magnon band in a 1D ferromagnet should
obey a roughly linear temperature dependence at low tem-
peratures and saturate at a constant level at high tempera-
tures. The first, and thus far probably the only, observa-
tion of a hot—exciton-magnon combination band in a 1D
ferromagnet was made by Petit!* around the transition
3A4,,—'T%; in CsNiF;. The energy of this band, howev-
er, shows that it probably has some phonon contribution,
which makes it difficult to compare the temperature
dependence of this band with the theoretical prediction.!

In CsNiF; the spin-forbidden transition 34 23——>‘ng
occurs around 460 nm. Although this transition lies on
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the tail of a much stronger band due to spin-allowed tran-
sitions to the 3T'fg state, as usual in compounds contain-
ing Ni?*, the transition seems to be useful in the investi-
gation of magnetic interactions in a 1D ferromagnet. In
this paper we shall first report the structure, the tempera-
ture dependence, and the magnetic-circular-dichroism
(MCD) spectrum of the broadband absorption due to the
transition 3A2g—>’T§g. On the low-energy side of this
band, a series of sharp, small peaks are observed. From
their temperature and magnetic field dependences, both
exciton and hot-magnon bands could be identified in the
spectrum. Additionally, results of the Faraday-rotation
(FR) measurements are reported and compared with the
susceptibility data obtained by conventional methods.

II. EXPERIMENTAL PROCEDURE

In these investigations, single crystals obtained from
two different sources were used. For absorption measure-
ments, (1—4)-mm-thick specimens, permitting investiga-
tions with the light propagating perpendicular to the (a,c)
plane or along the ¢ axis, were prepared. In order to
reduce the effect of the demagnetizing field, a specimen
with dimensions 1X2X 10 mm?® was prepared for the FR
measurements. Here, both the light beam and the external
magnetic field were directed along the ¢ axis of the crystal
(parallel to the longest edge of the sample). Owing to the
optical anisotropy of CsNiF3, both the MCD and the FR
measurements were made with a light beam propagating
within 1° along the ¢ axis. The right orientation was
achieved by inspecting the sample crystal in a cryostat be-
tween a set consisting of a polarizer and an analyzer, and
tilting and rotating the cryostat until a conoscopic cross
was seen on a white card set behind the analyzer.

The temperature of the samples could be varied from 2
to 300 K by using either a He-immersion Dewar or a
magneto-optical cryostat with the sample immersed in
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He-exchange gas. The spectra were recorded in a single-
beam spectrometer based on the use of a 150-W tungsten
lamp and a Jarrel-Ash model no. 82-000 0.5-m Ebert
monochromator. A combination of a Polacoat polarizer
and a photoelastic modulator was used to obtain circular-
ly polarized light for the MCD measurements.

III. EXPERIMENTAL RESULTS

A. Absorption measurements

Figure 1 shows the absorption spectra of CsNiF; mea-
sured in the (a,c) plane using unpolarized light. The
strong absorption in the near-uv region is attributable to
the spin-allowed transition 3A,,— T%. On the low-
energy side of this band, there is a much weaker band in
the (440—480)-nm region which is identified to the spin-
forbidden transition 3A2g——>1T‘§g. This identification of
the bands is confirmed by the fact that a quite similar ab-
sorption spectrum (including the band positions) is found
for the 3T%; and 'T?%, bands in other Ni?*-F~ compounds
such as KNiF;, !5 Rb,NiF,,'%!7 K,NiF,,!” and BaNiF,.'8
The temperature dependence of the absorption intensity
(i.e., absorption area) of the ngg band is shown in Fig. 2.
The intensity of the ‘ng band of CsNiF; shows a tenden-
cy to decrease with increasing temperature as is observed
for the spin-forbidden bands in NiBr,, " NiCl,, ! NiF,,?
NaNiF;,?! and KNiF;.?2 At temperatures above 70 K it
is difficult to estimate the absorption intensity accurately
because of strong overlapping by the phonon-assisted
spin-allowed 3T’,’g band which grows with increasing tem-
perature at high temperatures.'®%

An additional small band is observed in the (520—540)-
nm region in Fig. 1. The position of this band corre-
sponds roughly to the combined energies of the transitions
to the 3T%, state [located around 1280 nm (Ref. 7)] and
the T, state [around 840 nm (Ref. 7)]. Moreover, as de-
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FIG. 1. Unpolarized absorption spectra of a 1-mm-thick CsNiF; crystal in the visible and near-uv region.
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FIG. 2. Temperature dependence of the toal area of the
3A—'T5  band  (solid circlessy and of  the
(CAgg+3A2g)— (TS5, +3T4,) double-exciton band (open circles).
The dashed line gives the temperature dependence of the intensi-
ty corresponding to the double-excitonic transition
(CAzg+3A5)—(1T% +'T%) as observed by Petit (Ref. 14).

picted in Fig. 2, its temperature dependence obeys the
behavior observed by Petit et al.?* for the double-
excitonic transitions (*Ayg+>Ayg)—("Tpe+'Ty,), and
(‘E; +'E,). Therefore it is likely that the observed band
is due to the double-excitonic transition
(3Azg+3A2g)—>(3T§g+3T‘1’g).

At low temperatures a number of small peaks, which
we denote 4, B, C, D, E, F, G', and G in the order of in-
creasing energy, are observed on the low-energy side of
the ngg broadband (Fig. 3). All these bands are seen in
the a spectrum (E’Hcﬁ K being the direction of propaga-
tion of light). The most distinct feature is that the G
band peaking at (20879+5) cm ™! is the strongest in the
polarization E||¢, but can be seen also in the polarization
El& while the B, C, and F bands are found only in the
polarization EL¢ ( E) |@). Figure 4 shows the temperature
dependence of the A-, B-, C-, and G-band intensities.
The A-band intensity is almost constant at high tempera-
tures but it decreases rapidly below about 12 K, approxi-
mately in proportion to the temperature. On the other
hand, the B, C, F, and G bands can be observed only at
temperatures below 35 K, where their intensities are
found to increase linearly with temperature when the tem-
perature is lowered. From such a rapid growth of the B,
C, F, and G bands at low temperature, it can be conclud-
ed that the growth of the intensity of the total ‘ng band
observed below about 15 K (Fig. 2) is mainly due to the
growth of these bands.

The F band at 20809 cm ™! is partially masked by the
poorly resolved absorption bands D and E and is therefore
difficult to investigate in detail. Instead, the low-energy
bands A4 at 20649 cm~!, B at 20689 cm~!, and C at
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FIG. 3. (a) Fine structure observed on the low-energy tail of
the 34,,—'T%, band, measured with the geometry K||& The
separations between the bands are given in units of cm~!. (b)
Polarization of the bands measured in the geometry K||4 and
E||@ or E||¢ and at the temperature T=2 K.

20716 cm™! are better resolved although they still lie on
the low-energy tail of the broad absorption band. Of the
bands 4—G, the sharp G band is the largest and it is easy
to measure the peak position, the first moment, and the
half-width of the G band. To experimental accuracy all
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FIG. 4. Temperature dependences of the areas of the 4 band
(solid circles), the B and C bands (open circles), and the G band

(solid squares).

of these quantities have a linear temperature dependence.
The slopes of the solid lines in Fig. 5 are —0.37kp for the
peak possition, —0.71kp for the first moment, and
" 0.48kp for the half-width where kp is the Boltzmann con-
stant. Figure 6 shows the variation of the G band when
an external magnetic field is applied parallel to the a axis
at 7 K. It is found that in the 1D ferromagnetic region
the area of the G band is independent of the applied field.
Instead, the peak position exhibits a blue shift with in-
creasing field above 1 T and the half-width of the band is
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FIG. 5. Temperature dependence of the peak position (solid
circles), the first moment (pluses), and the half-width (open cir-
cles) of the G band. Note that the half-width is given on the
right-hand scale and indicates the full width at half-height of
the band.
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FIG. 6. Magnetic field dependence of the intensity (open cir-
cles), peak position (solid circles), and the half-width (solid
squares) of the G band, measured at 7 K with H||4.

reduced by about 10% in a field of 1 T. In measurements
at 2 K, i.e., in the 3D antiferromagnetic region, no effect
of the magnetic field on the half-width and position of the
G band could be observed. As shown in Fig. 7, there is
evidence that, unlike the G band, the weak G’ band is re-
duced with increasing magnetic field. On the other hand,
the G’ band is found to grow with temperature at low
temperatures like the 4 band, when no magnetic field is
applied.

Figure 8 shows the temperature dependence of the
A—C band region at low temperatures. An additional
weak band, hereafter referred to as A’, is found on the
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FIG. 7. Influence of the magnetic field applied along the a
axis on the absorption at the low-energy side of the G band.
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FIG. 8. Temperature dependence of the absorption spectra in
the region of the 4, B, and C bands. In the lower part of the
figure the absorption bands are shown after subtraction of the
background.
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FIG. 9. (a) Magnetic-circular-dichroism spectrum of the

broadband absorption *A4,,— T3, where the two lowest-energy
peaks are due to the F and G bands in the order of the increas-
ing energy. MCD line of the small features observed on the ab-
sorption tail of the main band is shown in (b).

low-energy side of the 4 band. This band grows with in-
creasing temperature as does the 4 band. The separation
between 4 and A’ is about 18 cm~!. Although the A’
band is clearly not found at low temperatures, such as 6
K, it is suggested from their common behavior that the 4
and A’ bands arise from the same origin.

B. MCD measurements

Magnetic-circular-dichroism absorption refers to dif-
ferential absorption for left- and right-circularly-polarized
light propagating along the direction of magnetization in
matter. As can be seen from Fig. 9(a) the MCD line of
the 34,,—'T%, band and its most prominent low-energy
components have the same shape as the corresponding ab-
sorption lines. The line shape of the MCD band is some-
what better resolved, clearly showing several peaks on the
high-energy side of the G band. Presumably, this struc-
ture must be attributed to phonons since the separation of
the first peak from the G band and the positions of the
higher progression correspond to the energy of the pho-
nons, 74 cm ™!, observed by Raman scattering.7 Similarly,
the MCD line shapes of the B and C bands coincide with
the absorption-band shapes, but the A band has a
derivatelike line shape [Fig. 9(b)]. This gives evidence, in
addition to the different temperature dependence, that the
transition mechanism behind the 4 band differs from that
of the other features in this spectral region.

C. Faraday rotation

In a paramagnetic nonabsorbing solid, the Faraday ro-
tation is related to the off-diagonal elements in the dielec-
tric tensor, €,(w)=47AiXH, where A4 is a constant, X is
the susceptibility, and H is the magnetic field applied
parallel to the path of light. For a unit length of the sam-
ple, the rotation of the polarization plane of the light is

given by the angle
O=4mA"'n"'X4H , (1

where A is the wavelength of light and 7 is the refractive
index in zero field.

In Fig. 10(a) the dispersion of the Faraday rotation is
shown between 450 and 600 nm. While features originat-
ing from the transitions to the 1T§g excited state are seen
in the FR spectrum the dispersion is clearly influenced by
transtions to the 3T‘l’g state. The MCD and FR measure-
ments are complementary in the sense that the data ob-
tained are connected via the Kramers-Kronig relation.
However, the MCD spectra contain information on the
positions, shapes, and intensities of individual absorption
bands, whereas transitions to all of the excited states con-
tribute to the FR spectra and less fine structure will usual-
ly be observed.

In the range of the magnetic field values used (from
5% 1073 to 4.5 T), 6 was found to increase linearly with
increasing field. Even at low temperatures, where the
temperature dependence of the FR in CsNiF; clearly
differs from that expected for a paramagnetic crystal, the
amount of the rotation is only a few times larger than is
usually observed in nonabsorbing paramagnets. In order
to test the validity of expression (1) for a 1D ferromagnet-
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FIG. 10. (a) Dispersion of the Faraday rotation. Tempera-
ture dependences of the susceptibility from the Faraday rotation
(pluses) and from the data of the Steiner (Ref. 25) (open circles)
and of Dupas and Renard (Ref. 26) (open triangles).

ic material, the temperature dependence of 0 was mea-
sured from 4 to 60 K. The values of X obtained from
these measurements were then normalized at 30 K to the
susceptibility data of Steiner’> and Dupas and Renard?®
for single-crystal specimens with f{l]c"‘. From a good
agreement with these results, as shown in Fig. 10(b), we
conclude that outside absorption regions the FR of a 1D
ferromagnet is proportional to the magnetization. From a
number of investigations, similar behavior is known to be
valid in 2D and 3D ferromagnets.

IV. DISCUSSION

Using a classical approximation for the spin, Ebara and
Tanabe!® calculated the temperature dependence of the in-
tensity of a hot-magnon band in a 1D ferromagnet. Ac-
cording to them the band intensity should increase in pro-
portion to T at low temperatures and to saturate to a con-
stant value at high temperatures.”’ It can be found from
our experimental data that the intensity of the A4 band in-
creases in proportion to T below 10 K and approaches a
constant value above 15 K (Fig. 4). A qualitatively simi-
lar behavior is observed for the A’ and G’ bands, al-

though they are more difficult to investigate in details.

A one-magnon hot band is located on the low-energy
side of an exciton band and is separated from it by the en-
ergy of the magnon. As can be seen from Figs. 3(a) and 8,
the A and A’ bands are situated on the low-energy sides
of the B and the C bands. The separation between the 4
and C bands agrees very well with the energy ( ~68 cm™!)
of the Brillouin-zone magnons when obtained from the
magnon dispersion measured with the momentum transfer
k. along the 1D chains parallel to the hexagonal ¢ axis.?
Moreover, the A-C band separation is almost the same as
the. A'-B band separation. Therefore, if the B and C
bands could be attributed to pure-exciton bands, it would
be confirmed that the 4’ and A bands are one-magnon
hot bands associated with the B and C exciton bands,
respectively.

In contrast to the 4 and A’ bands, the B- and C-band
intensities decrease with increasing temperature, and the
same temperature dependence is obtained for the G band,
suggesting that the G band arises from the same origin as
the B and C bands. Such a temperature dependence is ex-
pected for a cold-magnon band in antiferromagnets’ and
for an exciton band, as observed in BaMnF,.?® The 3D
antiferromagnetic ordering is present below Ty =2.61 K
in CsNiF;, but the ordering seems to be too weak to in-
duce the cold-magnon band since the interchain antifer-
romagnetic exchange energy J' is much smaller than the
intrachain ferromagnetic exchange energy J
(| J'/J | ~1073)% The investigation of the pure-exciton
band associated with the 3T % band in CsNiF; has shown
that, when the temperature is increased, (1) the linewidth
increases linearly, and (2) the peak position shifts linearly
to lower energy.* It is also known that when a magnetic
field applied parallel to the easy-magnetization plane is in-
creased at 6 K, (1) the peak position shifts linearly to high
energy, and (2) the half-width decreases by about 2 cm™!
in the variation from O to about 1.2 T but never changes
above 1.2 T.> A quite similar behavior, including the field
dependence measured at 7 K, was obtained in this work
for the G band (see Figs. 5 and 6), indicating that the G
band, and also the B and C bands, are attributable to exci-
ton bands.

Cibert et al.* have related the line shift of the pure-
exciton band of the 34 28—>3T‘2'g spin-allowed transition to
the magnetic energy of the ground state. Their value
dE /dT = —0.44ky agrees rather well with the shift of
the peak position of the G band with temperature,
—0.37kp. The shift of the first moment of the G band
was observed to be about 2 times this value, but it has a
contribution from the G’ band which partially overlaps
the G band on its low-energy side. This interference does
not exert much influence on the peak position of the band
as it does on the band’s first moment. The blue shift of
the G line in an external magnetic field (Fig. 6) agrees
well with the corresponding shift of the magnetic ground
level induced by the field.

Several sharp peaks have been observed on the low-
energy side of the ngg band in other Ni’*-F~ com-
pounds, e.g., NiF,,° BaNiF,,'® Rb,NiF,!® KNiF,,!%?
and RbNiF3.%° Of these compounds, the fine structure
observed in BaNiF, and the KNiF; has been ascribed to
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the phonon sidebands following a sharp zero-phonon line
(pure-exciton line)'® since the intervals between the prom-
inent lines correspond to the phonon energy estimated
from the infrared-adsorption measurements. On the other
‘hand, the fine structure in the region of the bands 4 to G
(shown in Fig. 3) does not exhibit a simple progression
which could be related to phonon sidebands. Instead, in
the MCD spectrum a progression due to phonon processes
is found on the high-energy side of the G band. This sug-
gests that the strong G band is attributable to the exciton
line, as is the case of the strong band located on the
lowest-energy side in BaNiF,.!® In this way, the above as-
signment is confirmed for the G band.

The hot band G’ is located at the energy of ~27 cm™!
below the exciton band G. This separation is close to the
magnon energy (~22 cm™!) obtained from inelastic-
neutron-scattering measurements performed with &, per-
pendicular to the chain in CsNiF;. In this case no disper-
sion was observed,’ which is the opposite of the behavior
of magnons with the wave vector k. along the chain. The
intensity of the G’ band was found to decrease linearly
when a magnetic field was increased from 0 to 4 T at 6.5
K. Similar behavior has been observed for the hot-
magnon band in a 2D ferromagnet, Rb,CrCl,, where the
magnons have an anisotropy gap at the Brillouin-zone
center.!? This suggests that the G’ band is attributable to
a hot-magnon band associated with magnons having a
zone-center gap. For an easy-magnetization-plane 2D fer-
romagnet with negligible anisotropy (i.e., no zone-center
gap in the magnon dispersion), the absorption intensity of
a hot band varies approximately as T2 at low tempera-
tues.>"32 If, however, there is a zone-center gap, the in-
tensity of the hot band begins to deviate from the T2 law
as temperature becomes comparable to the gap energy.'?
A similar deviation is also expected for a 1D ferromagnet
if there is a zone-center gap. In our easy-plane 1D fer-
romagnet CsNiF;, the intensity of the hot band A4 varies
as T at low temperatures, in agreement with the theoreti-
cal calculation by Ebara and Tanabe,!? and this law seems
to hold even near O K (Fig. 4). This indicates that there is
no zone-center gap in the magnon dispersion giving rise to
the A band. This is consistent with the neutron scattering
experiment? which shows the lack of the anisotropy gap
in the magnon dispersion for k, along the chains.

According to the theoretical calculation for the hot
band in a 1D ferromagnet, the intensity gradually ap-
proaches a constant value as the temperature is increased.
The A-band intensity, however, deviates rapidly from the
T law above 11 K and takes a constant value above 15 K.

It is noted that the rapid change occurs near 12 K which
is comparable to the intrachain ferromagnetic exchange
energy J (see Fig. 4). One reason for such a discrepancy
between the theoretical and experimental 7" dependences is
probably that the presence of the 3D antiferromagnetic
ordering below 2.61 K and the presence of short-range or-
der up to about 50 K are neglected in the theoretical cal-
culation.

V. CONCLUSIONS

We note the following.

(1) At low temperatures a number of weak, sharp ab-
sorption bands are observed on the low-energy tail of the
spin-forbidden transition 34,,—'T%, in CsNiF;. Most of
these lines gain their intensity from magnetic short-range
interactions. Four lines are attributed to exciton lines by
their intensity, which shows a linear decrease with the in-
creasing temperature. The temperature dependence of the
first and second moments of the G band, as well as their
magnetic field dependences, are very similar to those of
the pure-exciton band associated to the spin-allowed tran-
sition *4,,—>T%;.*> In the case of the exciton associated
with the spin-forbidden transition to the IT‘2’g state (G
band), phonon contributions are also present, but these pa-
rameters still clearly reflect the magnetic properties of the
ground state.

(2) A well-resolved hot-magnon band is observed above
3 K. The intensity of this band is found to increase
linearly with increasing temperature until a saturation is
reached at the temperature which corresponds to the in-
trachain ferromagnetic exchange energy J. This behavior
agrees with the theoretical prediction of Ebara and
Tanabe'® and seems to be characteristic of a hot-magnon
band in a 1D ferromagnet when the size of the anisotropy
gap of the magnon energy is negligibly small.

(3) When measured with the external magnetic field
along the c axis, the Faraday rotation of CsNiF; is shown
to increase linearly with the field, at least up to 4.5 T.
The temperature dependence of the susceptibility deter-
mined from the Faraday rotation agrees well with the re-
sults obtained by other methods.
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