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Spin-cluster resonance (SCR) is observed in the pseudo-one-dimensional canted Ising antiferromagnet
RbFeCl;-2H,0. Transitions between clusters up to 9 spins (|m > = |m + 9 >) could be detected. Since
the moments in the chain are canted with respect to each other, SCR were observed which show
characteristics of a ferromagnetic chain and an antiferromagnetic chain for the external magnetic field
parallel to the ¢ and a axis, respectively. The experimental data for ﬁHE could excellently be described by
a pure Ising model, with J,/k =0.76 K, J,/k = —0.21 K, J,./k = —0.13 K, &-H/|H| = 1.50 pg,
and a correction for a demagnetizing field. In order to describe the SCR for ﬁHZ the influence of the
crystal-field splitting of the pseudo-ground-doublet of the Fe?* ion had to be taken into account.

I. INTRODUCTION

The elementary excitations in an S = § Ising sys-
tem are not collective spin waves like in a Heisen-
berg system, but localized spin reversals called
spin clusters or magnon bound states. An m-fold
spin cluster |m) is defined as a cluster of m neigh-
boring spins which are reversed with respect to
their position in the ground state.

Although spin clusters are expected to exist in
all Ising systems, they have been observed in
only a few compounds. Direct observations of spin
clusters by far-infrared experiments have been re-
ported for the well-known Ising compounds CoCl, .
2H,0 (Ref. 1) and CoBr, - 2H,0 (Ref. 2). Recently
spin clusters were observed in CsCoCl, by both
Raman scattering and far-infrared experiments.®

Transitions between spin clusters, called spin-
cluster resonance (SCR), were reported for
CoCl,-2H,0,* NiCl,.2H,0,° FeCL,,® and FeCl, - 4H,0.”
In all these cases changes in cluster size by one
spin, (|m) |m +1)) were observed. These excita-
tions can give detailed information about the mag-
netic moment and the exchange interactions, as
was shown in the case of CoCl,- 2H,0.!

In one-dimensional systems the excitation of a
spin cluster involves an energy determined by
both the intrachain and interchain exchange inter-
actions and Zeeman energy. In such a system,
the spin-cluster-resonance (SCR) energies are
much smaller, since only the interchain interac-
tions and Zeeman energy are involved. In this
paper we want to report SCR experiments in the
pseudo-one-dimensional Ising antiferromagnet
RbFeCl,. 2H,0,® in which we have observed changes
in cluster size up to 9 spins (|m)=|m +9)). Al-
though we have also observed SCR in CsFeCl,- 2H,0,
we will confine ourselves in this paper to the SCK
experiments on RbFeCl,. 2H,0.

RbFeCl, * 2H,0 belongs to the series of isomorphic
transition-metal halides AM B, * 2H,0 (A =Cs, Rb;
M =Mn, Co, Fe; B=Cl, Br). All membersofthis
series show pronounced linear chain (d=1) charac-
teristics.®!® In RbFeCl, * 2H,0 the interchain in-
teractions give rise to an ordered phase below Ty
=11,96 K.'® The magnetic specific heat of
RbFeCl, * 2H,0 could be described both above and
below Ty with Onsagersrectangular S =% Ising
model with |J/k|=39 K and |J'/k|=0.7 K. The
Ising character of RbFeCl, * 2H,0 was confirmed by
magnetization measurements inthe ordered state.
Application of a magnetic field along the caxisre-
sulted intwo metamagnetic transitions at 8.1 and
12.4kOe, respectively. The increase of the magne-
tization at bothtransitions appearedtobe equal. A

" possible explanation of the metamagnetic transi-

tions is given in Sec. II, in which we will describe
the preparation of the crystals and the crystallo-
graphic and magnetic structure of RbFeCl;. 2H,0.

A simple SCR theory for a pure Ising system will
be given in Sec. III. Experimental equipment and
results are presented in Sec. IV. In Sec. V the
influence of deviations from the pure Ising case
will be considered. In Sec. VI we discuss the re-
sults.

II. CRYSTALLOGRAPHIC AND MAGNETIC STRUCTURE

Single crystals of RbFeCl,- 2H,0 were grown by
slow evaporation at 37°C from a solution of
FeCl, . 4H,0 and RbC1 in a molar ratio of 3.2:1.
A 0.03N solution of HC1 was used to prevent oxi-
dation of the crystals. The single crystals ob-
tained by this procedure had typical dimensions
up to 2x 2x 0.5 cm3. The very pale violet-brown
crystals may be easily cleaved parallel to the )
largest crystal face, which corresponds tothe a-b
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plane.

X-ray and neutron diffraction experiments?!
showed that the crystallographic structure of
RbFeCl;. 2H,0 is orthorhombic and may be des-
cribed by space group Pcca with ¢=8.876 fx, b
=6.872 A, and ¢=11.181 A. Like the cobalt and
maganese isomorphs the structure consists of cis
octahedra which are coupled along the a axis by a
shared chlorine ion. The resulting chains are
separated in the b direction by layers of Rb ions.
In the c direction the chains are weakly coupled by
hydrogen bonds.

The magnetic space group was determined as
P,,c’ca by nuclear magnetic resonance and neutron
diffraction experiments at 77=4.2 K.'* This space
group allows a canting of the magnetic moments in
the a-c plane with a net magnetization of each chain
along the c direction. The resulting array of the
moments is sketched in Fig. 1. From dipole-field
calculations the direction of the moment in a clus-
ter was found to be close to the direction pointing
to the shared chlorine ion.

Preliminary measurements yielded a phase dia-
gram schematically given in Fig, 2. This phase
diagram resembles that of CoCl,. 2H,0 and
FeCl, . 2H,0,” with the notable difference that the
magnetization in the ferrimagnetic (FI) phase is
one half of the magnetization in the ferromagnetic
(F) phase. The two metamagnetic transitions in
RbFeCl,. 2H,0 are associated with a reorientation
of the ferromagnetic component of the chains. In
order to explain these two transitions and the
values of the magnetization, we applied the method
developed by Kudo and Katsura'®® to determine
ground-state spin configurations, i.e., the spin
configurations having the lowest energy, at zero
temperature in a magnetic field.

Since the ordering within a chain does not change
when an external magnetic field is applied, we
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FIG.1. Array of the magnetic moments in the ordered
state. All the moments are located in the a-c plane at
an angle 6 from the a axis.
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FIG. 2. Schematic phase diagram of RbFeCl; * 2H,0.

may use a two-dimensional model in which a chain
is represented by a single moment. Since the
method is rather straightforward we will only
present the resuits.

The suitable lattice for RbFeCl,. 2H,0 is a rec-
tangular lattice (b-c¢ plane). To explain two phase
transitions, at least three exchange interactions
have to be present, an interaction J, along the b
axis, an interaction J, along the c axis and an in-
teraction J,, diagonally in the b-c plane. For
Joy dos Jpe< 0 and [ [< |y, 1J[< [2J,| two phase
transitions are obtained,* as well as the correct
ground-state spin configuration in zero field.

The resulting arrays of the ferromagnetic com-
ponents of the chains are given in Fig. 3. For
the ferrimagnetic phase three different spin con-
figurations with the same energy can be derived.

III. SIMPLE THEORY OF SCR IN A CANTED ANTI-
FERROMAGNETIC ISING CHAIN

In this section we will present a description of
spin clusters and SCR in the case of pure Ising in-
teractions. We will start with the treatment of an
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FIG. 3. Arrays of the ferromagnetic components of
the chains. (a) Antiferromagnetic array of the chains.
(b) Three possible ferrimagnetic arrays (the down mo-
ments are encircled). (c) Ferromagnetic array.



isolated chain.
The Hamiltonian describing such an Ising chain
is given by

=2 Z: SISt —up D HSIHE. (3.1
T
For S=3, Sf is equal to +% or ~ 3, a spin may be
“up” or “down.”

We define a spin cluster |m) as a cluster of m
adjacent spins in the chain which are reversed
with respect to their ground state. The energy
E, needed to excite such a state in a ferromag-
netic chain (J**>0) is

E,=2J% +mppg*H*, m>1. (3.2)

For an antiferromagnetic chain (J%?<0) the exci-
tation energy E,, is given by

E,==2J%* (m even), (3.3)

E,==2J%xppg™H* (m odd); (3.4)

the plus and minus sign depend on the direction of
the total magnetization of the cluster with respect
to H. In RbFeCl;. 2H,O the moments are nearly
antiferromagnetically ordered along the ¢ axis
(J%*<0) and are tilted by an angle 6 from the a
axis towards the ¢ axis as is shown in Fig. 1.

Assuming an Ising behavior, such a case has the
interesting feature that application of a field along
the ferromagnetic components in the ¢ direction
results in an excitation spectrum characteristic
for a ferromagnetic chain, whereas application of
a field along the antiferromagnetic components in
the q direction results in an excitation spectrum
characteristic for an antiferromagnetic chain.

So far only an isolated chain was considered.
In a real crystal there exists a coupling between
the chains.” We have shown that for RbFeCl, - 2H,0
at least three different interchain interactions
are necessary to explain the magnetization mea-
surements. If these interchain interactions are
described by an Ising Hamiltonian the excitation
energies may be written generally as

E,==2J,+m(ad, +pJ, +yJy) ¥ 2mii-H for HIT,
(3.5)

E,==2J, +m(ad, +BJ, +yJy,) ¥ 26,i- H for HIE,
(3.6)

with @ =2,0 or -2,8=2,0 or -2,y =4,2,0,-2 or
~4,5, =0 for even m and 6, =1 for odd m. The
actual values of o, B, and y in (3.5) and (3.6) de-
pend on the local spin configuration. Due to the
large value of the intrachain interaction J, these
energies are in the far-infrared region (-2J,/k
=~ 80 K). However, when a thermally excited
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cluster is present, an increase of the cluster size
requires an energy determined only by the weak
interchain interactions and the Zeeman energy.
These transitions can be observed in the micro-
wave region.

In Sec. II the ground-state spin configurations
were given for the three phases: the antiferro-
magnetic (AF), ferrimagnetic (FI), and ferro-
magnetic (F) ordering of the total moments of the
chains. Within these ground-state spin configura-
tions, the energies needed to increase the cluster
size within a chain by » spins (|m)= |m +n)) for
HIT are given by the following: for the AF state,

E=n(~2J,+2J,~4J,,72{- H), An, Bn;
for the FI state,

I,II:E=n(2J,-2JC+4ch+2ﬁ-ﬁ),‘ Cn
I:E=n(2J,+2J, = 4J,,+2{-H), Dn

II: E=n(2J,+2[I-H), En

LILII: E =n(-2J, =2J, = 4J 4, = 2{i- ), Fn
LII: E = n(~2J, +2J , +4J,, +2[1 - H) ;

II: E =n(2J, +21- H);

(3.7)

for the F state,
E=n(2J, +2J, +4J,, +2[1 - H), Gn.

The labeling of the FI states refers to Fig. 3, while
the labeling of the energies refers to the experi-
mentally observed excitations (Fig. 4). If we use
the expressions for the two critical fields H,, and
H,,,™ the equations An, Cn, Fn, and Gn may be
written

E=2pn(H,-H,), An
E=2un(H,-H,), Cn
E=2unH,-H,), Fn
E=2ucn(Hc-ch); Gn.

(3.8)

With an external magnetic field applied along the a
axis, no phase transitions were detected in the
experimental field region. The energy needed to
increase the cluster size in the AF ground-state
spin configuration by » spins is given by

E=n(-2J, +2J, —4J,,) ¥ 26,71 - H. (3.9)

Since in our experiments 7#0 K, the ordering
of the ferromagnetic components of the chains
may locally differ from the ordering patterns de-
termined by the method of Kudo and Katsura.'

We call these arrays non-ground -state spin con-
figurations, SCR which originate from such a non-
ground-state spin configuration are contained in
the more general Eqgs. (3.5) and {3.6).
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FIG. 4. Observed resonance frequencies plotted vs the magnetic field H, for H along ¢. The lines are the theoretical
predictions for the pure Ising'model, solid lines represent SCR in a ground-state spin configuration and broken lines
represent SCR in a non-ground-state spin configuration. The labeling of the resonance lines corresponds to the labeling

in Eq. (3.7).

IV. EXPERIMENTAL RESULTS

SCR experiments were performed with simple
microwave spectrometers for the 9-12.4, 12.4-18,
18-26, 26-40, and 40-60 GHz frequency ranges.
As microwave sources we used klystrons, except
for the 12.4-18 GHz band where a solid-state os-
cillator was used.

The crystals were placed at the end of a closed
waveguide without a cavity. The end of the wave-
guide was placed inside a temperature controlled
cryostat in the center of a superconducting sol-
enoid. The magnetic field was recorded by a Hall
probe. The temperature could be established by a
commercial temperature controller using a car-
bon resistor as sensor and was constant within
0.1 K for temperatures between 4.2 and 15 K and
fields up to 25 kOe. The temperature was mea-
sured before every field sweep by a calibrated
germanium thermometer.

At low temperatures the amount of thermally

excited clusters and hence the intensity of the spin-
cluster resonances will be very low. This is il-
lustrated by the fact that at 7=4.2 K no signals
could be detected. The upper limit for the tem-
perature at which the experiments are to be per-
formed is in principle the Néel temperature where
the long-range order between the chains is des-
troyed. One may expect (see Fig. 2) that below 7
K the spin configurations are basically those de-
termined for 7 =0 K and hence the Eqgs. (3.7) and
(3.9) may be used in the analysis of the experi-
mental results.

In Fig. 4 the observed resonance frequencies
are plotted versus the magnetic field H, for Hie.
For the resonances G1 only data for v< 40 GHz
are shown. At higher fields no absorptions were
detected. The drawn labeled lines in Fig. 4 repre-
sent Egs. (3.7) with J,/k=-0.76 K, J,/k=-0.21 K,
Jyoo/k=-0.13 K, [i-H/[H|=1.50p;. The demag-
netizing field was an adjustable parameter in the
fitting procedure which yielded 100 Qe in FI phase



and 200 Oe in the F phase. Given the rather cube-
like shape of the sample and the magnetization in
the FI phase (4.5 x 10°® emu/mol) and in the F phase
(9 x 10° emu/mol),*! these demagnetizing fields
seem somewhat too small. Not all sets of excita-
tions predicted by Egs. (3.7) were observed. The
broken lines in Fig. 4 represent SCR in a non-
ground-state spin configuration, contained in the
more general equation (3.5) with the same set of
parameters. The agreement between the theoreti-
cal prediction and the experiment is satisfying,
and changes in cluster size up to nine spins can
be observed. The splitting of some of the reso-
nances (A1, A3, G1,G3) can be explained by a mis-
orientation of the crystal in the a-c plane by about
1°. Only odd excitations split and the splitting
decreases when more spins are involved in the
excitation.

The amplitude of the signals increase with in-
creasing temperature and reaches a maximum at
about 9 K. When the temperature is increased
further, the amplitude decreases. Excitations
could be observed even above T, at 7=14 K, indi-
cating the existence of local 3d ordered regions.
The resonance linewidth increases at higher tem-
peratures, a typical value at 8 K is 100 Oe. As
might be expected the intensity of excitations
originating from non-ground-state spin configura-
tions was found to be lower than the intensity of
excitations from a ground-state spin configuration.

The resonance condition appeared to be tempera-
ture independent. The resonances could be detected

T T T T T T T T

Hud axis  B/kg=0.76K

frequency (GHz)

magnetic field (kOe)

FIG. 5. Observed resonance frequencies plotted vs the
magnetic field H, for H along the a axis. The open cir-
cles represent SCR in the AF ground-state spin config-
uration. The lines are the theoretical predictions for
the field dependence of the SCR, in the presence of a
crystal field splitting of the ground doublet A (Sec. V/D).
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with the direction of the microwave field along a
and b (crystal mounted at the bottom of the wave-
guide) and along ¢ (crystal mounted at the small
side of the waveguide at 3\ above the bottom).

In Fig. 5 the observed resonance frequencies are
plotted versus a magnetic field HIA. Because of
the high temperature (9.5 K) a large number of ex-
citations originating from non-ground-state spin
configurations are present. In Fig. 5 only a small
number of these excitations is shown.

Since we used constant frequencies and varying
magnetic field in the experiments no excitations
involving an even number of spins are observed as
these are field independent. When we compare the
resonances having the highest intensity with the
theoretical prediction of Eq. (3.9), it is obvious
that the observed curvature of the resonance lines
is not predicted by the simple Ising model. This
is in contrast with the results for HII€, which can
be described by the simple Ising model. There-
fore in Sec. V non-Ising terms and their influence
on the SCR frequencies will be considered.

V. CANTED ANTIFERROMAGNETIC CHAIN

In this section we will present a more detailed
treatment of the spin clusters in order to explain
the observed deviations from the pure Ising pre-
diction. First a survey of the deviations that
might be expected in the case of RbFeCl,- 2H,0
will be given. Next, appropriate basis functions
are defined and the effect of the non-Ising terms
is calculated. '

A. Deviations from the pure Ising behavior in RbFeCl; - 2H,0

In a crystal field of low enough symmetry, the
5D ground state of the free Fe®* ion will be split
and an orbital singlet with fivefold spin degeneracy
will have the lowest energy. Spin-orbit interac-
tions will lift the spin degeneracy. So far we have
assumed that this will result in a doublet ground
state and we used the s =3 spin-Hamiltonian for-
malism. This assumption was based on crystal
field calculations, comparison with CsCoCl,- 2H,0,"
and specific-heat results. However, a small split-
ting of the doublet may notbe excluded. Therefore
we will now examine the splitting of the full spin
quintet (S =2). The splitting of this spin quintet,

a second-order effect of the spin-orbit interaction,
can be described by the Hamiltonian'®+®

3¢ =D[S2-%S(S +1)] +E(S2 - §2). (5.1)

The energy levels and eigenfunctions (in terms of
|m)) are given by
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E,=2D[1+3(E/D)?]"?;

lpy=3V2(cosa |2) +V2sina |0) +cosa |-2));
E,=2D, |¢)=3V2([2)~[-2));

E,==D+3E, |¢g)=3V2(|1)+]-1)); (5.2)
Ey==D=3E, |¢)=3V2(|1)~|-1))i
E,=-2D[1+3(E/D)*]'?,

|ps) =3V2 (-sina |2) +V2 cosa |0) - sina |-2));
with

EV3
D +D[1+3(E/D)?]¥% *

A pseudodoublet is lowest in energy when D< 0 and
|E|«< |D| or D>0 and |E|~D. These situations
are basically identical but correspond to different
sets of quantization axes. If we take D<O0 the’
splitting of the two ground levels is 2D{1 -[1
+3(E/D)?]¥?}. As was shown by Tinkham'®+¥" this
can be described by a s =% spin Hamiltonian

Hp=-AS, (5.3)
with '
A =2D{1 -[1+3(E/D)*]V?} .

When A =0, the pure Ising case is obtained in
which case the wave functions of the doublet are
|m =2) and |m =-2). Hence a large anisotropy
in the g tensor is expected when a s =3 spin Hamil-
tonian is used.

Additional non-Ising terms in the Hamiltonian
(like J**, J*¥) may also be present. Below we will
try to express these terms on a basis which also
accounts for the canting of the moments. In princi-
ple we will follow the procedure given by Silvera
et al. in their treatment of o —Co0SQ,.*®

In RbFeCl,- 2H,0 the clusters of adjacent Fe?*
ions in the chain are identical but canted with re-
spect to each other. Hence the sets of principal
axes of the crystal fields and, as a consequence,
the sets of principal axes of the g tensors are also
canted for adjacent positions in the chain. The
exchange interaction is assumed to be isotropic in
the real spin (S =2).

je=-2J%,-5,. (5.4)

tana =

To describe the effect of the exchange interaction
on the ground doublet with a fictitious spin s=3,
the different orientations of the g tensor of ion 1
and 2 with respect to the crystallographic axes
must be taken into account. In Fig. 6 three differ-
ent sets of axes are drawn: x”-y”-z", the crys-
tallographic system, the plane in which the canting
occurs is the x” -z” plane. For RbFeCl,. 2H,0
the axes correspond to the ¢, b, and a axes, re-

<8,> Qg <3,>

g —>2" (3 axis)
23

22

. A lx" (c axis)
x| Xy Xy X3

ion 1 ion 2

FIG. 6, Three different sets of axes of ion 1 and 2,
which are used in the treatment of the canting mechan-
ism. The plane of canting is shown, where x’’, y"’, 2"’
refers to crystallographic system (x'’=c axis, y''=b
axis and 2z’ =a axis), ¥’ , y’, 2z’ is the set of principal
axes of the g tensor and ¥, ¥, z, is the set of axes
for which (3) is along the z axis.

spectively; x}-v;-2}, sets of principal axes of the
g tensor of ion j, x;-y;~z,, sets of axes for which
(8,) is directed along z;. The spin-only g factors
g; are defined by the following relation:

St=3g3s! (5.5)

with I=x}, y},2}. Using an appropriate transform-
ation from the double-primed to the single-primed
axes, Eq. (5.5), and a transformation from the
single-primed to the unprimed axes the Hamil-
tonian (5.4) may be written

50= ~2J7 ST sE = 27 WsYs] = 2T st s? (5.6)
with
I =1J{[(g5)cos?p, - (g $,)2sin%p,] cos(26)
-g3g3sin(2¢)sin(26)} ,
JY = %J(gsl)z ,
J# =1J{[(g$)Pcos?p, — (g $)?sinp Jcos(26)
- g5 g3sin(2¢,)sin(20)},

where ¢, is the angle between (§,) and z}.

The value of (s% is 3 for 7=0 K. In the pure
Ising case gy and g3, are zero and hence J* and
J¥¥ are zero, in which case s? and sZ commute
with the Hamiltonian (5.6). Equation (5.6) is.
mathematically equivalent with a Hamiltonian des-
cribing the exchange interaction of a noncanted
system. - For the Zeeman interaction the situation
is quite different. If the external magnetic field
is expressed by the components on the crystallo-
graphic axes, the Zeeman interaction for ion 1 is
given by

Hleeman =—U'B(gxxs§Hx" +gzxs;Hx" +gxzs§Hz”
8 o STHgn+g 1 SH 0 (5.7
with
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Zex =8y COSOCOSPH, — g, sinfd sing, ,
Zex ==&y COSO 8ing, — g ,,sinf cosg,,
8z T=8¢+Sinf cos ¢ +g,,cosfsing,,
82— =8 Sinf sing +g,,cosfcosd,.

For ion 2 the terms g,, and g,, should be reversed
in sign, since 6 and ¢ are negative for ion 2. If
we identify the odd spins of a chain with spin 1 and
the even spins of a chain with spin 2 (see Fig. 6),
the Hamiltonian of a chain of N spins can be des-
cribed by '

= . 2z z.z - P -
X==2J i sisf = d Ii(s,s,,,ﬁsjsju)
=1 - = .

+ - -
-dJ i (si'Sj1+57841)
=

3 "‘I-J-ngx Hx" i %(S;*FS;) - “Bgszx” t ('1)j+137
j=1

i=1

i=1

N
= “ngsz”/Z::l(—l)j+1%(sj+ +s;) - IJ'Bgthz" i S;

| o |
sl S g (5= ) (5.9)
: f=1 4 _

with
JT=HIE = JP), JP=HIT YY), gy=g,.

~ The magnitude of the deviations, which may
arise from exchange interactions, is almost com-
pletely determined by the intrachain interaction.
The interchain exchange interactions will be des-
cribed by only the Ising part of the interactions,
and are taken into account by an exchange field

s = 3 (1) s (5.9)
=t

with H,=ad, +BdJ, +yd, and @ =2,0 or -2, 3=2,0
or -2,y=4,2,0,-2 or —4. The influence of di-
pole fields is incorporated in the exchange inter-
actions.

B. Ising basis functions of an antiferromagnetic chain

Before the energy levels of the combined Hamil-
tonian of Eq. (5.3), (5.8), and (5.9) can be calcula-
ted, proper wave functions have to be defined for
the pure Ising case. In their treatment of the mag-
non bound states in CoCl, - 2H,0 Torrance and
Tinkham® defined so-called Ising basis functions
for a ferromagnetic chain. Similar basis functions
can be defined for an antiferromagnetic chain.

In Sec. VA it was shown that also in a canted
Ising system a good quantum number ms, can be
defined when the proper sets of axes are used.
Hence Ising basis functions (IBF) may be defined
for a canted chain.

An eigenstate of an Ising chain of N spins (S=3)
can be described by the product of the single-spin
states, :

15y =II Img),

where m,; may have the values +3 or —3. The
ground state of an Ising chain at 7=0 K is the
Néel ground state, which is denoted by the eigen-
function |0). The first excited state above the
ground state |0) is a state in which one spin is
reversed, for instance the spin at position j(R,).
If we use the operators S*and S, which reverse
a “down” or an “up” spin, respectively, this state
can be written

(5.10)

[+1,R;)=57(0). (5.11)
when a “down” spin is reversed,
I-1,R,) =57 |0) (5.12)

when an “up” spin is reversed. The functions
[+1,R;) and [-1,R,;) have a 3N-fold degeneracy as
the spin reversal of a “down” or an “up” spin may
occur at 3N sites. The spins at R; with j odd are
defined “up” and with j even are defined “down,”
in agreement with Eq. (5.8) and Fig. 6.

When we consider a closed chain of N spins (N
is even) the Hamiltonian is periodic and the wave
functions must have the Bloch form. We denote
the distance between adjacent spins in the chain
with d (for RbFeCl,- 2H,0 a=2d). The periodicity
of both the crystallographic and the canted mag-

~ netic chain amounts to 2d. The IBF corresponding

to a one-fold spin cluster is given by
2
1 =(2
1B =5
2 1/2
l—l,k>=(N—) > e*Ris7|0) (jodd).  (5.14)
7

1/2
) ; e*Rist|0) (j even), (5.13)

Physically, Egs. (5.13) and (5.14) represent nor-
malized linear combinations of localized functions
centered at all possible sites, with the familiar
phase factor e'*®, g is a good quantum number to
label the 3N degenerate functions |+1) and |-1)
and may have the values —7/2d <k <n/2d. The
factor (2/N)? normalizes the wave function if
{00y =1.

In general any excited state of the Ising chain
can be described by the effect of an appropriate
excitation operator P acting on the ground state
[0). In that case R; has to be replaced by R;, the
center of the m excited spins R, which is deter-
mined by

- 1 &
R, = pou 2 R,.

The wave functions of larger spin clusters are
defined by
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2\~ m Lo
[+2m, k>=(ﬁ> ;ei’mj’s;slﬂ' “+ S7izm-110)

(j even),
2\12 uE -
|—2m, k) =(ﬁ Z e‘kRJSJ S;-u”' S;+2m—1|0>

. (j oad), (5.15)
2 172 - -
|+(2m—1),k>=(ﬁ) {:e"m,s;sl a1t Sfazmea[0)

(j even),

2\2 5 - -
I—(Zm—l),k)?(ﬁ> ‘;e‘*Rfs,s;+1...s,+2,,,_2|o>
(j odd).

The wave functions of other excited states, for in-
stance two onefold clusters separated by p spins
can be obtained from the operators S;S Jep a1 ¢
even), S;Sj,,,; (j odd) for even p and S;S7,,.,

(j even), S7Sy; p+, (j 0dd) for odd p.

C. Computation of the energy levels of the spin clusters and SCR
frequencies .

The energy levels of the spin clusters (p =0) are
calculated by diagonalization of the energy matrix
of the Hamiltonian with the Ising basis functions
of Eq. (5.15) as basis.” The interactions of the
cluster under consideration with the ground state
and other spin clusters (p+0) are neglected in the
calculation of the energy levels (J*/kg, J ~/kg,
and A/kg are expected to be much smaller than
-2J%/k,~ 80 K). However, these interactions may
be of primary importance if they relax the Am=1
selection rule and enable the transition of m-fold
spin clusters (m> 1) from the ground state |0).

|=(m - 1))

The non-Ising terms of the intrachain interaction
J~ and J* give rise to a & dependence of the energy
levels. The SCR frequencies of a Am = excita-
tion are given by the energy difference between the
energy levels of |[+m, k) and |+(m +n), k). The SCR
frequencies may depend on m and in the case
J™#0 or J* #0 they may also depend on k.! Unlike
the experiments in which a spin cluster is excited
from the ground state (k=0) we have to consider
contributions of the entire Brillouin zone in SCR
experiments.

D. Interpretation

_»As we saw before, the SCR results obtained for
HI|T could besatisfactorily explained with a simple
Ising model. It seems, however, -that this is not
possible for HIE. Our first task will thus be to
understand what kind of deviations from the simple
Ising model can explain the spectrum for HIA
without affecting the results for HIE seriously.

The largest deviations from the pure Ising be-
havior of the SCR for HI4 occur at low frequencies.
Generally, the SCR frequency goes to zero when
the energy levels of the spin clusters intersect. In
the pure Ising case the energies of the spin clus-
ters |=(m =1)), |-m), |+m), and |+ (m +1)) (m
even) are equal for H,~=H,/i zg,,, as can be de-
duced from Eqgs. (3.9) and (5.9).

The experimentally observed deviations from
the pure Ising behavior are apparently due to ma-
trix elements between the four states mentioned
above, Inserting the complete Hamiltonian, in-
cluding all the non-Ising terms derived in Sec. VA,
results [apart from common diagonal elements
—-3(N - 4)J* and —3NH,] in a submatrix given by

|~m) [+m) |+ (m +1))
[ =
n=DI | (m -1, -3 -zA 0
+uBg"H'” +_;-’J'ngsz" +%,“'ngsz!:
(-m] ~-3A mH, 0 —ia
: 3 (5.16)
+§U-ngsz" +§p~3g,gHzn
2 1
(+m| -3A 0 mH, -ia
+%p. ngsz” +%“ngsz”
<+(m +1)| 0 _—;—A -% (m +1)He
+%u‘8gszz” +%“'ngsz" _'J'Bgzsz"
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It is clear that only the pseudodoublet splitting
A combined with a field-dependent term—which
is due to canting—enters this submatrix., Note
that these four states are not mixed by J* and J~.
‘Therefore J* and J~ do not contribute to the re-
pulsion of the energy levels. As a consequence
the & dependence produced by these terms can be
neglected in the current analysis. Inspection of
the submatrix shows that because of the interac-
tion between the states the intersection of the
energy levels at the external field H,»=H,/ pg,,
is removed. The energies of the four states at
this external field are

E=mH,+(=A +upg, H,»), “|-(m-=1))",
E=mH, “|=-m)”,

E=mH,  “[|+m)” (5.17)
E=mH, - (~A +1p8,H,w),  “|+(m+1))”,

where the notation “|m)” is used since |m) is not
a proper eigenfunction,

In this model the energy separation between the
clusters |m) and |[(m 1)) is at least AE=A
- Up&yzHyn. Comparing this with our experimental
results (Fig. 5) we note that apparently the field
dependence of the minimum splitting AE is rather
small, as a number of resonance lines have ap-
proximately the same minimum frequency at dif-
ferent fields. Consequently AE~ A, Equating AE
with the observed minimum frequency yields A/kg
=0.76 K.

Qur next step will be to calculate the expected
overall field dependence of the SCR frequencies

300 T T T T T T T T T
o Firdaxs Hexch-160K -85 Arkg=76K |
20028
’-'G u +5> — |
z 150:‘1_‘2)..
> [1-3 Ny
S 100}z ]
o ‘I* S,
S s .

H(kOe)

FIG. 7. Field dependence of the energy of the spin
clusters for H ||z in the presence of a crystal field split-
ting of the ground doublet A, The contribution of the
intrachain exchange interaction —2J% to the energy is
not taken into account since it is equal for all spin clus-
ters.

within this framework. Figure 7 shows the calcu-
lated energy levels for several clusters assuming
A/k5=0.76 K, all other non-Ising terms taken
equal to zero, H,=1.60 K, and g,,=8.6.

The deviations from the pure Ising behavior are
obvious. From the energy levels, the SCR fre-
quencies can be obtained. It appears that transi-
tions between large clusters, |m)= |m +n) where
m>4, are rather insensitive to the cluster size
m. However, even transitions involving smaller
clusters (except “|+1)”) deviate only 1 GHz from
transitions between larger clusters. In Fig. 5 the
SCR frequencies (for large clusters) originating
from the antiferromagnetic ground-state spin con-
figuration (A/k5=0.76 K, H,=1.60 K, and g,,=8.6)
as well as from non-ground-state spin configura-
tions (H,=1.22 K and H,=2.02 K) are shown toget-
her with the corresponding experimental data.

The agreement is rather satisfying.

Concluding we state that the introduction of only
the pseudodoublet splitting A is sufficient to ex-
plain the deviations from the pure Ising behavior
of the spectrum of the antiferromagnetic chain
#17).

We will now have to 1nvest1gate to which extent
the introduction of A affects the spectrum for the
ferromagnetic chain (HIE), which— as we showed
above—could be excellently explained without any
non-Ising terms at all.

In the pure Ising case the energy levels of the
functions |+m) and|-m) are degenerate when
HIE. In order to calculate the influence of the
pseudodoublet splitting A, it is convenient to intro-
duce the new basis functions, viz.,“ |[+m)” = 3V 2(|+m)
+|=m)) and “|-m)’=3V2(|+m) — |-m)).. When we
use these basis functions the matrix elements gen-
erated by the Hamiltonian H , (5.3) are

u<+ (m - 1) ],,SCA“ |+m>n=“<+ (m + 1) |”$CA“ |+m>n ==A
(5.18)

* while

“U=(m = 1) 5" [=m)’ =" (=(m +1) |5C," |-m)” =0.

Since there exist no matrix elements between the
functions “|+m)” and “|-m)” in the current model
we may treat the influence of A on both sets of
functions separately.

The functions “|-m)” are not influenced by the

. pseudodoublet splitting. Hence these states will

have the energies of the pure Ising case. However,

the functions “|-m)” alone cannot explain the trans-

itions |m) = |m +n) with n>1 (Fig. 4) since the

Am =1 selection rule is not relaxed. ,
On the other hand the functions “[+m)” mix when

the influence of A is taken into account, giving

rise to deviations of the energy levels from the
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pure Ising prediction. Moreover, in this case A
relaxes the Am =1 selection rule for the functions
“|+m)”, giving rise to transitions between spin
clusters with Am>1 as observed in the experiment
(Fig. 4). When we consider the influence of A on
the energy levels of the functions “|+m)” we can
distinguish two major effects. Firstly, the devia-
tions from the pure Ising case will be most clear
when the energy levels of the clusters approach
each other. This is the case in those SCR branches
which approach zero frequency or for most of the
branches near the critical fields. Secondly, the
deviations decrease with increasing cluster size.?

However, unlike the AF case, the energy differ-
ence between cluster levels “|m)” = “|m +n)” (thus
the SCR frequency) does not rapidly approach a
constant value, but is also a continuous function of
the cluster length m. Given some distribution of
cluster lengths this rwould certainly lead to a broad-
ening of the resonance lines when H approaches
the critical fields. Inspection of the experimental
results (Fig. 4) shows that this effect cannot be re-
solved in view of the limited number of data points
at low‘frequencies and the additional collapsing of
several SCR lines near the critical fields.

Nevertheless, calculations showed that insertion
of A would result in rather pronounced deviations
from the pure Ising behavior, also in the frequency
regions where we have enough distinct data, pro-
vided that the clusters are of small size. The ab-
sence of these deviations in our experimental re-
sults thus indicates that either only excitations
from large clusters are observed or only large
clusters are present.

To investigate this problem we performed some
calculations on the cluster distribution in a field
for a ferromagnetic chain, which describes the
chain of RbFeCl,- 2H,0O for HIE. The field H, is-
the sum of an external field and an exchange field
arising from the interchain exchange interactions.
For the ferromagnetic Ising chain the magnetiza-
tion and energy are exactly known as a function of
the temperature T, the field H, and the intrachain
exchange interaction J. The total number of re-
versed spins #n, is calculated from the magnetiza-
tion and the total number of clusters », is calcula-
ted from the magnetization and the energy. Hence
ns and n, may be expressed in T, H, and J. Date
and Motokawa* used a statistical distribution of the
reversed spins over the clusters. The cluster dis-
tribution can also be obtained by the stochastic
model of Alexandrowicz.?® '

Calculations showed that a small concentration
of impurities (< 1%) does not change the cluster
distribution, although the number of clusters may
increase drastically.??

When n,,n,> 1 the number of clusters with I

spins (»;) is given by*

2 1-1
ny=te(1-2e) .
ng ng

(5.19)
The cluster distribution is shown in Fig. 8 for
several fields and £T/J=0.2, which matches the
experimental conditions. Note that the total field
H, is zero at the critical fields and uH,/J =0.02 in
zero external field. From Fig. 8 it can be seen
that when the critical fields are approached the
number of large clusters increases and subse-
quently the relative number of small clusters de-
creases drastically. This mechanism may very
well be responsible for the experimental fact that
no significant deviations from the pure Ising be-
havior of the SCR, originating from small cluster
excitations near the critical fields, are observed.

So far we have not considered the effect of terms
containing J* and J ~ explicitly. Although we have
shown that the introduction of the pseudodoublet
splitting A was sufficient to obtain a consistent
and satisfactory description of the experimental
data, there is no argument why not also terms
containing J* and J~ should enter the problem. Of
course these terms would modify the energy levels
of both “|+m)” and “|~m)”. It can be shown that
the modification decreases with increasing cluster
size, as we noticed already in the case of A.

The fact that we did not observe deviations of

T T T T T

kT7/J=0.2

4 MH/J=0 (@) |
0.005 (b)
0.01 ()

0.02 (d)

10%n /n

0 10 20 30 40 50 60

FIG. 8. Number of clusters n; of a ferromagnetic
chain of » spins, as a function of the cluster size I. The
field H; is the sum of an external field and an exchange
field arising from the interchain-exchange interactions.
dJ is the intrachain interaction.
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the experimental results, which had to be ascribed
to J* or J~, may indicate that J* and J~ are
small or indicates once again that only excitations
from large spin clusters are observed. Quite
generally one has to add that introduction of the
anisotropy terms J* and J~ gives rise to a & de-
pendence of the energy levels, causing rather
wide resonance lines (several kOe) for excitations
from small clusters, which could easily escape
detection in a spectrum of many sharp resonances.
So far little attention has been given to the ques-
tion whether the observed resonances are allowed.
In the case of the ferromagnetic chain of
CoCl, - 2H,0, the term J~ coupled all odd-spin
clusters and separately all even-spin clusters.
Excitations of even-spin clusters could only be ob-
served with the microwave field parallel to the
moments and excitations of odd-spin clusters with
the microwave field perpendicular to the moments.
However, in the case of a canted chain or in the
case of a compound with a pseudodoublet ground
state, like RbFeCl;- 2H,0, the odd-spin cluster
functions and the even-spin cluster functions are
mixed. Therefore, it is possible to observe all
SCR with an arbitrary orientation of the micro-
wave field.

' VI. DISCUSSION AND CONCLUSIONS

In this paper we have presented the experimental
SCR data on RbFeCl,. 2H,0. The data for HIE
could be explained satisfactorily by the simple
Ising model. The SCR for HIA could be explained
with an extension of the Ising basis function method
for the antiferromagnetic chain taking into account
the crystal field splitting of the ground doublet.

Fitting the theoretical parameters to the experi-
mental data yielded a set of detailed exchange and
crystal field parameters, which for the sake of
completeness are tabulated in Table I.

From this table it appears that in the ordered
state the effective magnetic coupling between the
a-b plane is very weak since the coupling by J, is
nearly compeflsated by J,. This may indicate
why the specific-heat data’® could be fitted surp-
risingly well by the two-dimensional Onsager mo-
del both above and below T,. Moreover, the
agreement between the largest interchain inter-
action |J’/%|=0.7 K determined from the specific
heat and the corresponding exchange interaction
in our model J,/k=-0.76 K is striking. The two
critical fields found in the SCR spectrum for
HIe agree very well with the critical fields ob-

tained from magnetization measurements®'!* (SCR:

8.0, 12.3 kOe; magnetization: 8.1, 12.4 kOe).
The magnetization measurements yielded p, =1.6
W p for the component of the moment along the ¢

TABLE I. Parameters obtained from the SCR experi-
ments compared with the results of magnetization
measurements!® 11, (MM), nuclear magnetic resonancel!
(NMR), and neutron diffraction!! (ND). 6, is the angle
between the magnetic moment u and thea axis.

Parameter SCR MM NMR ND
Jy/b -0.76 K

J /R -0.21K  -0.22K

Jpo/k —-0.13 K

W,+2dy.)/k  —1.02K -1.07K

Alk 0.76 K

Be 1.5k 1l.6pg

b 4.5up 46K  3.9up

0 19° 19° 16°

direction, while SCR gave y,=1.50p . The direc-
tion and magnitude of the magnetic moment (angle
with the ¢ axis 6,,=19° and p =4.5u 5) may be
compared to the results of nuclear magnetic res-
onance (6,,=19° and u =4.6 ) and neutron diffrac-
tion results (6,,=16°, u=3.9u,)."* The agreement
is satisfying, although the neutron diffraction re-
sults seem somewhat too low. One should bear in
mind, however, that these last results are rather ‘
sensitive to small changes in 6,

We have shown that in an antiferromagnetic
chain the deviations from the Ising prediction are
mostly directly visible in the SCR if matrix ele-
ments are present between intersecting energy
levels of spin clusters.

Other deviations from Ising may be masked by
the fact that the excitations from large spin clus-
ters will always show the Ising behavior, while
the linewidth of the excitations from small spin
clusters may be large due to dispersion.

However, when the spin clusters are directly
excited from the ground state, =0, the deviations
from Ising will be observed. The small spin clus-
ters have the highest intensities! and show the
largest deviations. Therefore. it would be worth-
while to study the far-infrared spectra of
RbFeCl;..2H,0 in order to determine the spin-
cluster energies for both Hid and HIE. From these
excitations one may likely obtain more information
about the non-Ising terms in the Hamiltonian (5.8).
Information about these terms may also be obtained
from a study of the high-temperature susceptibility
from which the energy-level scheme and g tensor
may be deduced.

The theoretical description given here may also
be applied to- other pseudo-one-dimensional canted
Ising systems. However, the energies associated
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with deviations from the pure Ising model have to
be small with respect to the intrachain exchange
interaction. If this condition is not satisfied the
interaction of spin clusters with the ground state
and with other spin clusters in the chain must be
taken into account. The method can be applied
directly to CsFeCl,- 2H,0. Just like in

RbFeCl,. 2H,0, in CsFeCl,- 2H,0 the repulsion of
the energy levels was observed when —}'IIIE, and a
minimum frequency of 12,5 GHz was found. Apart
from CsFeCl,- 2H,0 we have observed SCR in the
one-dimensional Ising systems CoBr,- 2H,0,
CoCl,- (C,H,N),, and CoCl,[(CH,),NH]. 2H,0. The
existence of thermally excited spin clusters in
the latter compound was inferred from nuclear
spin relaxation experiments by Goto et al.?*> We
have stated in the introduction that spin clusters
should exist in all Ising compounds. However, in
order to observe SCR in the ordered state there
have to be enough thermally excited clusters be-

19

low 7'y. This may be not the case in low-dimen-
sional'systems, where the ratio k,T,/|J| is very
small.?3:24
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