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Optical-absorption spectra of CsFeC13-2H20. I. Temperature dependence
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The quasi-one-dimensional Ising-like antiferromagnet CsFeC13 2H&O has been studied by experi-
ments on the absorption spectra corresponding to the 'Tt(D)~ I'T2(G), 'T, (F), 'A2(F) I transition
of the Fe + ion in the 1.5 —77-K region. These spectra consist of exciton lines and their satellite ab-

sorption lines, and some of the absorption lines are concluded to be associated with thermally excit-
ed magnetic domain walls. The temperature variation of these spectra shows the following: above
about T~ (12.75 K), domain-wall excitation plays an important role in the magnetically disordering
process with the rise of temperature; additionally, above about 30 K, excitation to the second lowest
excited state also contributes to this process. The temperature dependence of the intensities of the
spectra is explained by Boltzmann statistics, taking account of these excitations.

I. INTRODUCTION

CsFeC13 2HzO (CFC) has bee studied by various exper-
iments' and is shown to be a quasi-one-dimensional
Ising-like antiferromagnet. Its crystal structure deter-
mined by neutron-diffraction experiments is sketched in
Fig. 1. The structure consists of cis-[FeC1~(H20)z] oc-
tahedra, which are strongly coupled along the a axis by a
shared Cl ion. The resulting chains are weakly coupled
along the b axis by Cs+ ions and along the c axis by hy-
drogen bonds. Thus, the superexchange interaction be-
tween the neighboring Fe + ions along the a axis (intra-
chain) is much stronger than those along the b and c axes
(interchain). Its magnetic behavior at low temperatures
can be described by effective spin S =

—,', because the pseu-
dodoublet ground state lies more than 40 K below the
first excited state. ' On the basis of the Ising model, the
intrachain and the interchain interactions have been es-
timated to be J, /k= —40.4 K and (Jb+J, )/k = —0.7

K, respectively, from magnetization experiments. ' The
small interchain interactions induce three-dimensional
magnetic order below Tz =12.75 K. Its magnetic struc-
ture determined by neutron-diffraction and nuclear mag-
netic resonance (NMR) experiments' is sketched in Fig.
2. The magnetic moments are located in the ac plane at
an angle of 15' from the a axis. Its spin-relaxation mech-
anism has been studied by Mossbauer and NMR experi-
ments, ' and the existence of thermally excited magnetic

3,4

domain walls has been suggested.
Generally, magnetic domain walls in one-dimensional

Ising-like antiferromagnets have the following feature.
The domain-wall, e.g, 1 f 1 f f l f, can be ex-
cited with the rise of temperature and is localized be-
tween two adjacent spins within a chain. In Ising-like
systems, which are described by

&=2Jg [S,'S,'+, +e(S,."S,."+, +SrSy~, )]

the domain wall can move along the chain owing to the
small transverse exchange interaction and behaves like an
elementary excitation. ' This domain-wall excitation can
be classi6ed into two kinds, namely, single domain-wall
and domain-wall pair excitation. The single domain-wall
excitation takes place at a chain end, and one domain
wall created by this excitation is able to move along the
chain. This process is described, for example, as follows:

~ ~ ~ ~ ~ ~ ~

The thermal activation energy of the single domain-wall
excitation is approximately ~

J~. On the other hand, the
domain-wall pair excitation takes place within a chain
and creates two domain walls. Then, magnon excitation
(one-spin-cluster excitation), e.g. ,

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

and several-spins-cluster excitation, e,g.,

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

and
FIG. 1. Crystal structure of CsFeC13 2H, O. The dashed

lines show one set of hydrogen bonds.
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Hamamatsu photonics model R-376 photomultiplier. The
accuracy of this measurement was +0.004 nm for sharp
absorption lines. The absorption spectra at 300 K were
measured with a Cary 17D grating spectrometer.

In the measurement at 77 and 1.5 K, the sample was
immersed in liquid nitrogen and pumped liquid helium,
respectively. In the measurement from 2 to 70 K, the
sample was fastened to a holder by Apiezon N grease and
was placed with exchange helium gas into a glass vessel
immersed in pumped liquid helium. The sample holder
was made of copper and was equipped with a carbon
glass thermometer and an electric heater. By the adjust-
ment of the electric power of this heater, the tempera-
tures of the sample could be controlled to about +1%.

A uniaxial stress was generated by the apparatus con-
sisting of an oil-press pump, a stainless-steel piston
cylinder, and a sample holder.

III. ASSIGNMENT OF THE ABSORPTION SPECTRA

FIG. 2. Magnetic structure of CsFeC1& 2H&O. Spins are lo-

cated in the ac plane at an angle of 15' from the a axis.

can be taken as the domain-wall pair excitation. " The
magnon excitation (one-spin-cluster excitation) corre-
sponds to the domain-wall pair excitation reversing a sin-

gle spin, and the several-spins-cluster excitation corre-
sponds to that reversing more than two spins. Of course,
the domain walls created by the domain-wall pair excita-
tion are able to move along the chain. Consequently, the
number of spins between the domain-wall pair can
change with time. The thermal activation energy of the
domain-wall pair excitation is approximately 2~ J~. Such
a domain-wall excitation having the above feature is ex-
pected to govern thermal magnetic excitation in one-
dimensional Ising-like antiferromagnets. '

Now we have studied the magneto-optical property of
CFC by experiment on its absorption spectra under vari-
ous conditions. In the present paper and in paper II, '

we report the result of this study by examining the depen-
dence of the spectra on temperature and magnetic Selds,
respectively. The main purpose of the present paper is to
investigate the influence of the domain walls on the spec-
tra and to reveal the behavior of the domain walls.
Moreover, the present paper deals with other thermal ex-
citations.

II. EXPERIMENTAL PROCEDURE

The crystals of CFC were grown at room temperature
by slow evaporation from an aqueous solution of
FeClz. 4H20 and CsC1 in a molar ratio of 1:2. To prevent
oxidation of Fe ions, HC1 was added to this solution as
far as pH=2, and this solution was kept in a N2 atmo-
sphere. In this way, the large single crystals were ob-
tained with typical dimensions of 20X 15 X 5 mm . These
crystals look pale brown and may be easi1y cleaved paral-
lel to the largest crystal face corresponding to the ab
plane.

The absorption spectra below 77 K were measured
with a tungsten-iodine projection lamp, a Jobin-Yvon
model THR-1500 grating spectrometer, and a

A. Crystal-field spectrum

B. EfFect of uniaxial stress

The absorption spectra of CFC have considerable fine
structures at suSciently low temperatures in the
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FIG. 3. Absorption spectrum of CsFeC13 2H&O at 300 K.
The incident light was parallel to the c axis.

The absorption spectrum of CFC at 300 K in the
5000-33000-cm region is shown in Fig. 3. With
crystal-field theory, we interpret this spectrum as fol-
lows. The strong, splitting band below 12000 cm ' is as-
signed to the spin-allowed transition 'T2(D)~~E(D),
and its splitting is occasioned by the spin-orbit interac-
tion and the low-symmetry crystal field. The weak bands
above 12000 cm ' are assigned to the spin-forbidden
transitions. Each assignment of them is shown in Fig. 3,
but the decided assignments cannot have been obtained in
the 18 000-28 000-crn ' region, because many weak
bands overlap with one another in this region.
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24150—24900-cm ' region, where all the absorption
lines have electric-dipole character. The lowest-energy
part of these structures at 1.5 K is shown in Fig. 4. The
labeling of the absorption lines is based on the following
uniaxial stress experiment.

As shown in Fig. 5, the six absorption lines can be
classified into two groups by the difference in their energy
shifts with the stress parallel to the c axis; three of them
have the small shift, 5.5X10 cm 'MPa ', and the
others have the large shift, 1.2X10 ' cm 'MPa
Then, the former absorption lines are labeled AO, A1,
and A2, respectively (A group), and the latter absorption
lines are labeled BO, B l, and B2, respectively (B
group). '

The stress applied to the sample is able to change the
energies of elementary excitations, namely, excitons, pho-
nons, magnons, and domain walls. However, by refer-
ence to the reports of several other magnetic com-
pounds, ' ' we assume that this stress changes only the
exciton energies. This assumption draws the following
conclusion from the above experimental result. Two dis-
tinct excitations contribute to the absorption lines shown
in Fig. 4; one contributes to the A group and the other
contributes to the B group.

Figures 6 and 7 show the temperature variation of the
fine structure in the a polarization (EIIa). The A I line
cannot be observed above about 20 K owing to an extra
absorption line. The absorption lines observed only at
higher temperatures are labeled as H1, H2, H3, and H4,
respectively.

The uniaxial stress experiment at 77 K proves that the
H3 line belongs to the A group; but the stress effect on
H1, H2, and H4 cannot have been examined, for they are
weak and broad. Nevertheless, we suppose that the
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FIG. 5. Energy shifts of the AO, A1, A2, BO, B1, and B2
lines at 1.5 K with the stress parallel to the c axis. The incident
light is parallel to the c axis. The slopes of the thick and the
thin solid lines are 5.5X10 and 1.2X10 ' cm ' MPa ', re-

spectively.
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H1, H2, and H4 lines belong to the A group. This sup-
position is probably true, because four other absorption
lines regarded as the corresponding H1, H2, H3, and H4
lines of the B group have been observed in EIIb.

In what follows, only the A group is discussed. The
peak energies of the absorption lines are summarized in
Table I.

C. AO, A1, and A2 lines

From Fig. 4, it can be seen that the AO line has the
lowest peak energy and the narrowest half-width in the A

AO BO A2
TABLE I. Peak energies of absorption lines and temperature

regions where each of the absorption lines is observed.
I I I I

24200 24250 24 300 24 350
WAVE NUMBER {cm-~ )

FIG. 4. Polarized absorption spectra in the lowest energy re-
gion of the Tz(D)~ [ Tz(G), T, (F), Az(F)I transition of
CsFeC1, .2H20 at 1.5 K. The symbols E and H denote the elec-
tric and magnetic vectors of the incident light, respectively. As
regards the absorption line observed between B1 and B2, see
Ref. 14.

Label

AO

A1
A2
H1
H2
H3
H4

Peak energy
(cm ')

24217. 1 (1.5 K)
24246. 6 (1.5 K)
24284. 2 (1.5 K)
24249. 1 (12.7 K)
24201. 1 (28.3 K)
24186.4 (12.7 K)
24134.2 (50.0 K)

Temperature region
(K)

+50
$18

all regions
12-50
27-36
10»
50~
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group at 1.5 K. Additionally, as shown in Fig. 8, in-
tegrated intensity of the AO line is almost constant below
Tz and decreases with the rise of temperature above TN.
From these results, we conclude that the AO line is an ex-
citon hne. The decrease in its intensity is caused by the
increase in the thermal population of excited states. The
detailed analysis of this decrease (the solid curve in Fig.
8) is discussed in the next section.

The A1 and A2 lines have peak energies that are
higher than those of the AO line by 29.5 and 67.1 cm

respectively, at 1.5 K, and their intensities do not in-
crease with temperature. Their transition mechanisms
are determined in paper II, ' and the present paper does
not deal any further with them.

D. H 1 and H3 lines

As shown in Figs. 6 and 7, there H3 line is observed
above 10 K, and its peak energy is lower than that of the
AO line by about 29 crn ', being almost constant up to
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FIG. 6. AbsorPtion sPectra in the lowest energy region of the 'T2(D)~ I'T2(G), 'T, (F), 'P, (F) I transition of CsFeCI, 2H,P in

Ella «»rious temperatures: (a) from 11.2 to 34.8 K in the 24190—24260-cm region; (b) from 8.2 to 36.6 K In the 2416Q—2430Q
cm ' region; (c) from 50 to 70 K in the 24100—24300-cm ' region.
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experimental data, we attribute the H3 line to the 30 ex-
citon creation at a thermally excited magnetic domain-
wall site, e.g, $ 1' $ f 1' l l . (the overbar
expresses the site under discussion). In other words, the
H3 line is assigned to the electronic transition from the

4000

24220 =

~ 24200—

lLJ

+~ 24180—

24160—

AO

—OQ g~ ~~ ~ ~ ~

+ ~ H2

—~ + ~ e ~
H3

~ 3000—
C

C3

cf

2000—

24140—
Ella. HII 0

TN ~ y 0 ~ ~ 1000—

24120 I l I I I

20 40 60
TEMPERATURE (K)
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50 K. This energy difference is closely equal to the intra-
chain interaction (J, = —28 cm '). The temperature
variation of the integrand intensity of the H3 line is
shown in Figs. 9(a) and 9(b). The solid line in Fig. 9(b) is
computed using a least-squares program in the 12.7 K
(about T~) to 21.7 K region and indicates that the in-
tegrated intensity varies with temperature agreeably to
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FIG. 8. Temperature variation of the integrated intensity of
the AO line. The solid curve is discussed in the text.

FIG. 9. Temperature variation of the integrated intensity of
the H3 line: (a) on a linear scale; (b) on a logarithmic scale.
The solid curve in (a} is discussed in the text. The solid line in

(b) is computed using a least-squares program in the 12.7—21.7-
K region, and its slope is —40.0 K, which is almost equal to the
intrachain interaction (J, /k = —40.4 K).
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ground state of such a domain-wall site to the corre-
sponding excited state of the AO line (see Fig. 10). Such
an absorption line attributed to an exciton creation at a
domain-wall site has been observed in CsCoC13. '

The H3 line is considered to be associated almost only
with single domain-wall excitation in the 12.7—21.7-K re-
gion, because its intensity varies in accordance with
exp( —

~ J, ~
/kT), not with exp( —(2J, ~

/kT), in this region.
However, the temperature variation of its intensity devi-
ates from exp( —~J, ~/kT) below T~ and above 21.7 K.
The deviation below Tz is due to the three-dimensional
magnetic order, which suppresses the domain-wall move-
ment. On the other hand, the deviation above 21.7 K is
due to other thermal excitations, for example, domain-
wall pair excitation. The analysis of the inhuence of oth-
er thermal excitations [the solid curve in Fig. 9(a)] is dis-
cussed in the next section.

As shown in Figs. 6 and 7, the H1 line is observed
above about 10 K, and its peak energy is higher than that
of the A 1 line by about 3 cm '. The intensity of the H1
line increases with temperature, so then the A 1 line can-
not be observed above about 20 K. The transition mech-
anism of the H1 line is determined in paper II, ' and the
present paper does not deal any further with the H 1 line.

E. Hot-magnon sideband

A hot-magnon sideband discussed here is an absorp-
tion band assigned to an exciton creation at a thermally
excited magnon site, e.g., 1 1 L T l t 1 . Its peak
energy will be lower than that of its original exciton line

by the excitation energy of the magnon with k=O, and

such magnon excitation energy in an Ising-like magnet
will be estimated at approximately 2~ J~. This estimation
in RbFeC13.2HzO, which has a property similar to CFC,
has been verified by far-infrared transmission experi-
ments. ' Consequently, we can presume that the hot-
magnon sideband of the AO line appears about 56 cm
below the AO line. Nevertheless, such an absorption
band has not been observed in this experiment, though
the temperatures (up to 77 K) are high enough for the
thermal excitation of the magnon. We interpret this re-
sult as follows.

As mentioned in Sec. I, a magnon in CFC is equivalent
to a domain-wall pair containing a single spin, and these
domain walls can move along a chain. Thus, a magnon
excited state (a one-spin-cluster excited state) is expected
to transform itself with time into a several-spins-cluster
excited state. In other words, a magnon site does not
remain as it is, and this site changes itself with time into a
domain-wall site, e.g.,

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Of course, the reverse change can occur, and a several-
spins-cluster excited state transforms itself into a magnon
excited state. However, the number of the magnon sites
in this case is much smaller than that in the case when
the domain-wall movement is disregarded. Therefore,
the intensities of the hot-magnon sidebands in CFC will
be very weak even at high temperatures, so the hot-
magnon sideband of the AO line has not been observed in
this experiment.

AO H3 H4 H2

80cm"

56cm '

moment

FIG. 10. Excitation schemes for the AO, H3, H4, and H2 lines. The symbols t, $, and 0 described at the bottom express the mag-

netic moment of each site within a chain in the initial state of these excitations, and J, denotes the total angular momentum. The
lines represent the energy levels of each site.
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F. H2 and H4 lines

As shown in Figs. 6 and 7, the very weak but evident
absorption lines H2 and H4 are observed on the lower-
energy side of the AO line in the 27—36-K region and
above about 50 K, respectively. The energy differences
between the AO line and these absorption lines are about
13 and 78 cm ', respectively, in these temperature re-
gions. These energy differences cannot be explained by
domain-wall or magnon excitation; then, the second
lowest excited state must be taken into account. Our ex-
periment with magnetic fields" shows this excited state
to be a singlet state and to lie about 80 cm ' higher than
the ground state at 1.5 K. This energy difference, 80
cm ', is nearly equal to that between the AO and H4
lines, 78 cm '. From these experimental data, we draw
the conclusion that the H4 line is ascribed to the elec-
tronic transition from the second lowest excited state to
the corresponding excited state of the AO line. That is to
say, the H4 line is assigned to the AO excitation creation
at such a thermally excited singlet-state site, e.g.,

l 1' l 0 1 1 l (the symbol 0 represents the singlet
state). Its transition mechanism is illustrated in Fig. 10.

Since this second lowest excited state has no magnetic
moment, the internal magnetic field at an adjacent site
along a chain, e.g., l, 1 $ 0 1 l' $, will be half as
large as that at a Neel state site, e g.,

l 't l I l 1 l . Thus, the ground state of such an
adjacent site will be higher than the Neel state by
~J, ~/2=14 cm ', which is schematically shown in Fig.
10. The value 14 cm ' closely agrees with the energy
difference 13 cm ' between the AO and H2 lines. Con-
sidering the above, we attribute the H2 line to the AO ex-
cition creation at a site that is adjacent to a thermally ex-
cited singlet-state site (see Fig. 10). By the way, the H2
line disappears above 36 K, not because its intensity de-
creases but because the H3 line is broadened.

IV. INTENSITIES OF THE A 0 AND H3 LINES

In this section, the temperature dependence of the in-
tegrated intensities of the AO and H3 lines is quantita-
tively discussed. Initially, we suppose that only the
nearest-neighbor intrachain interaction exerts influence
on the state of each site, and so only a single chain is
treated in this section. %ith the rise of temperature, the
following thermal excitations are able to take place in the
chain: single domain-wall excitation, several-spins-
cluster excitation, and excitation to the second lowest ex-
cited state. Their activation energies are 40.4, 80.8, and
116 K, respectively. Magnon excitation (one-spin-cluster
excitation) is not taken into account here, because, as
mentioned in Sec. III E, its excited state is expected to
transform itself into the several-spins-cluster excited

state. Other thermal excitations are also neglected.
At this stage, the symbols used below shall be defined.

The symbol N denotes the number of all sites in the
chain, and NG denotes the number of Neel-state sites in
this chain. The symbols Nd, N„and N, denote the num-
bers of the single domain-wall excitations, the several-
spins-cluster excitations, and the excitations to the
second lowest excited state in this chain, respectively.
The integrated intensities of the AO and H3 lines are ex-
pressed by I„oand I~3, respectively.

Here, we suppose the following: (i) There are no in-
teractions between the thermal excitations; (ii) Domain
walls, including ones created at a chain end, are able to
move throughout the chain in the interval of about 5 min,
which is the time between temperature changing and
measurement beginning; (iii) Domain walls hardly move,
while one exciton is created; in other words, the rate of
the domain-wall motion is much slower than that of the
exciton creation.

Since the excited states are localized, they are con-
sidered to satisfy Boltzmann statistics. Then, the temper-
ature dependence of the populations of these excitations
is given by

Nd /NG =exp( 40.4/T)—,

N, /NG =exp( —80.8/T),

N, /NG =exp( —116/T) .

It is clear that NG ——N at very low temperatures. As tem-
perature rises, Nd, N, , and N, increase; simultaneously,

NG decreases. One single domain-wa11 excitation changes
two Neel-state sites into two domain-wall sites, e.g. ,

~ ~ ~ ~ ~ ~ ~

and one several-spins-cluster excitation changes four
Neel-state sites into four domain-wa11 sites, e.g.,

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Accordingly, one single domain-wall excitation, one
several-spins-cluster excitation, and one excitation to the
second lowest excited state decrease NG by 2, 4, and 3, re-
spectively; the relation between them is given by

2Nd Nc Ns

Put Eq. (1) into this relation, then,

(2)

In addition, one excitation to the second lowest excited
state changes three Neel-state sites into one singlet-state
site and two excited-state sites associated with the H2
line, e.g.,

l 1'111 t'1 ~ 11'l011$

1

N 1+2exp( 40.4/T)+4exp( ——80.8/T)+3 exp( —116/T)
(3)

If the several suppositions mentioned up to this point are valid for the actual thermal excitations, the temperature
dependence of I~o will be described by
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1I~o" 1+2 exp( 4—0.4/T)+4 exp( —80.8/T)+3 exp( —116/T)
(4)

The solid curve in Fig. 8, which is normalized at 1.5 K, represents formula (4) and finely fits in with the experimental re-
sult.

As mentioned in Sec. III D, the H3 line is attributed to the AO exciton creation at a domain-wall site. Thus, IH3 will

be proportional to the number of domain-wall sites. One single domain-wall excitation and one several-spins-cluster ex-
citation create two and four domain-wall sites, respectively. In a manner similar to I„o, the temperature dependence of
IH3 will be described by

2 exp( 40.4—/T) +4 exp( —80.8/T)
IH3" 1+2 exp( 40.4—/T)+4 exp( —80.8/T) +3 exp( —116/T)

The solid curve in Fig. 9(a), which is normalized at Tz,
represents formula (5) and fits in well with the experimen-
tal result.

Formulas (4) and (5) explain satisfactorily the tempera-
ture dependence of I„o and I», respectively. This fact
verifies the suppositions in this section. However, as can
be seen from Fig. 9(a), there is the disagreement of I»
between the experimental and the theoretical result at
higher temperatures. The most important cause of this
disagreement is probably not taking account of magnon
excitation. Since the density of the domain walls is high
at suSciently high temperatures, several magnon sites
will be able to exist at these temperatures even under
domain wall movement. Such magnon sites will contrib-
ute to the above-mentioned disagreement. Besides, the
supposition that there are no interactions between the
thermal excitations comes into question at higher temper-
atures. Formula (5) indicates that the thermal equilibri-
um occupancy of domain-wall sites is, for example, 0.42
at 40 K and 0.29 at 25 K. This value, 0.29 at 25 K, is
consistent with the spin-spin correlation length within a
chain, about 3.7 spins at 25 K, which is measured by neu-
tron scattering. At such high temperatures, the interac-
tion between the thermal excitations is expected to exist
and to contribute to the above-mentioned disagreement.

V. CONCLUSION

The optical-absorption spectra of CFC have fine struc-
tures at suSciently low temperatures in the
24150—24350-cm ' region. These fine structures are at-
tributed to the 'Tz(D)~ I T2(G), T, (F), A2(E)I transi-
tion of the Fe + ion and consist of two exciton lines and
their satellite absorption 1ines. The present paper and pa-
per II' deal only with one of these exciton lines, AO, and
its satellite absorption lines, A 1, A2, H1, H2, H3, and
H4. The assignments of the A1, A2, and H1 lines are

determined in paper II.'
The H3 line is assigned to the electronic transition

from the thermally excited domain-wall state to the cor-
responding excited state of the AO line. The H4 and H2
lines are concluded to be associated with the thermally
excited singlet state, which is the second lowest excited
state. The H4 line is attributed to the electronic transi-
tion from this singlet state to the corresponding excited
state of the AO line, and the H2 line is attributed to the
AO exciton creation at a site that is adjacent to such a
singlet-state site along a chain.

Above about TN (12.75 K), a single domain-wall exci-
tation plays a very important role in the behavior of the
spectra, and above about 20 K, domain-wall pair excita-
tion also becomes important. Additionally, above about
30 K, excitation to the second lowest excited state is con-
cerned with this behavior. Below Tz, the three-
dimensional magnetic order suppresses the domain-wall
movement.

The temperature variation of the intensities of the A 0
and H3 lines conforms well to formulas (4) and (5), re-
spectively, which are deduced from Boltzmann statistics
taking account of the above-mentioned thermal excita-
tions. This conformation shows that each of the domain
walls is localized and stays within two adjacent sites dur-
ing one excitation creation.

No hot-magnon sideband is observed below 77 K, be-
cause a magnon excited state transforms itself into two
domain walls.
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