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ABSTRACT
CsFeCl3 is a quasi ID magnetic system with a singlet groundstate. The Fe^+ ion has an
effective spin S = 1. Experimental results in a magnetic field applied perpendicular to the
anisotropy axis show that the excited states (doubly degenerate in zero field) split and shift
to higher frequencies with increasing field. The splitting of the high frequency modes is
very small compared to the instrumental resolution. Only polarisation analysis of inelastic
neutron scattering made it possible to observe the splitting everywhere in reciprocal space.
The frequency shift of the two modes with field is different such that a mode crossing
appears for fields below about 4 Tesla.

1. Introduction

CsFeCl3 is one compound out of the family AFeX3, with A = Rb, Cs and
X = Cl, Br, where the Fe 2 + ion has an effective spin S = 1. It crystallises in the
hexagonal space group P63 / mmc. FeCl6 octahedra form chains in c-direction by face
sharing. These chains are separated by the Cs-ions and form a quasi one dimensional
magnetic system [1], see Fig. 1.

From basic quantum mechanics we know that an isolated spin S = 1 has three
states with respect to a quantisation axis (z-direction) which we will call the anisotropy
axis in the following. There are three values for the quantum number m:

m = -1 -» sz = -1
m = 0 -» s z = 0
m = +1 -» sz = +1
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where sz is the projection of the spin on the anisotropy axis. sz = 0 means that in
this state the magnetic moment averages out to zero.

Fig. 1 : The structure of AFeX3 with A = Rb, Cs and X = Cl, Br

The crystal electric field in the AFeX3 materials produces an anisotropy D(SZ)2
with a positive value of D. This anisotropy creates a splitting between the m = ±1
(degenerate doubled state) and the m = 0 singlet ground state. In the RbFeX3 systems
this local singlet ground state goes at low temperatures over to a x-y or easy plane
system, where the interactions between neighbouring spins create long range order with
the magnetic moments perpendicular to the z-axis with the frustrated 120° structure.

In CsFeCl3 the exchange interactions are not strong enough to create long range
magnetic order at low temperatures. Due to the strong anisotropy D the whole system
remains in a singlet ground state for temperature T —> zero.

Note that a negative value for D produces an Ising system, where the m = ±1
doublet is the ground state.

Let us consider the Hamiltonian for a ID system with only nearest neighbour
interactions (super exchange):

(1)

Positive or negative values for J describe ferromagnetic or antiferromagnetic
coupling along the chains.

For D < 8 IJI the systems (RbFeCl3, RbFeBr3) exhibit long range order at low
temperatures with an easy plane. For D > 8 IJI the systems (CsFeCl3, CsFeBr3) remain
in a singlet ground state with no magnetic moment. D > or < 8 IJI would be the
conditions for ideal 1-D systems. The real AFeX3 materials have also an interaction J1

between the chains and the correct conditions reads D > or < 8 IJI + 12 IJ'I.
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Fig. 2 : Schematic dispersion curves for
magnetic excitations in 1-D systems. Full
lines correspond to singlet groundstate
systems, where D is the anisotropy
parameter, see Eq. 2 :
a) for J > 0 and b) for J < 0. For
comparison the magnon dispersion curves for
a 1-D Heisenberg ferromagnet (a) and a 1-D
Heisenberg antiferromagnet (b) are given by
dashed lines.

K

The magnetic excitations (better called excitons than magnons) in a singlet ground
state system are shown schematically in Fig. 2 for positive and negative values of J. The
dispersion is given by [2]:

co(qJ = VD2 - 8 J D COS (cqj (2)

Note that positive (RbFeCl3, CsFeCl3) or negative (RbFeBr3, CsFeBr3) values
for J shift the lowest frequency from 0 to n. For comparison the dispersion curves in the
absence of an anisotropy are given also in Fig. 2.

For the ID Heisenberg ferromagnet (S = 1) it reads

o(qJ-4J[l-cos(cqJ

and for the ID Heisenberg antiferromagnet (S = 1):

a (q j -4 | j | | s i n (oq j

(3)

(4)

c is in all expressions given above the distance between magnetic neighbours and
qz is the wavevector of the excitation with the dimension [2JC/C].

In the ID Heisenberg Antiferromagnet the dispersion curves are doubly degenerate
due to time reversal symmetry.

In the singlet ground state systems the dispersion curves are doubly degenerate for
another reason : the excited state contains m = ±1. An applied magnetic field splits this
degeneracy, see Fig. 3. If the field is applied parallel to the anisotropy axis, the Zeeman
splitting of the excited state leads to two modes one with increasing frequency and one
with decreasing frequency. The states remain pur in the quantum number m. Only two
modes can be observed by inelastic neutron scattering, because a transition from m = -1
to m = +1 would require a change in spin A S = 2. A neutron which has the spin 1/2
can only transfer A S = 0 or 1. The mode with decreasing frequency can be considered
as a soft mode which creates a phase transition to long range order [3].
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Fig. 3 : The level schemes for CsFeCl3 in fields applied either parallel or perpendicular to the anisotropy
axis.

If the field is applied perpendicular to the anisotropy axis, the degeneracy is also
lifted, but both modes shift to higher frequencies. This field breaks the symmetry of the
anisotropy axis and the new eigenf unctions 91 to 93 contain a field dependent mixture of
the states m = 0,±l. Therefore three modes coi to ©3 can principally be observed by
neutron scattering. In reality, the thermal occupation of the 91 state is too small to
observe the transition C03. The detailed behaviour of CsFeCl3 in a field applied
perpendicular to the anisotropy axis will be discussed in the following.

2. Theoretical Aspects

In CsFeCl3 the interactions between nearest Uil and next nearest IJ2I neighbours
along the chains have to be taken into account and also the interaction between chains J'.
The full Hamiltonian [4] reads

(5)

g is the Lande factor. m$ is the Bohr magneton and H x the field applied
perpendicular to the chain axis.

The applied field creates an internal magnetisation which leads to a renormalisation
of the spectrum. Therefore the Lande" factor is replaced by a field dependent factor g[4].
A further renormalisation occurs from the field dependence of the spin correlation
function. The factors Qx and Qy = Qz = Qyz » which are equal to one at zero field, are
the corresponding correction factors.

At zero field the dispersion curve reads, similar to Eq. (2):

H = -21XS S .S i+1 - 2 J 2 I S .S i+2 - JT S jS + DS (Stf +
i i ij i

(6)

with

Jq = 4(J lCos (qJ + J2cos (2qJ + J (2cos (qy) [cos (qy) + cos (qj] -1)) (7)
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Under the field applied perpendicular to the anisotropy axis, the modes split into:

co2(q) = V[(D + Aj/2]2-

(8)

(9)

(10)with

There are 7 paramaters to be determined by the experiment: J i , J2, T, D, g,
Qyz- We consider the first 4 parameters as being independent of the applied field. They
will be determined from results at zero field and kept constant at applied fields.

Now we have to evaluate, which spin operators are involved in the different
transitions. In the absence of an external field the creation and annihilation operators
between the levels m = 0 and m = ± 1 are :

(11)
s+ = sx

s- = s* - isy
see Fig. 4. These operators remain valid for a field H|| applied along the anisotropy

axis.

1-1 > I-1>

(1+1 > +1-1 >)

- • H,

Fig. 4: The transition-operators between different states. The states are given in components of m = +1,
m = 0 and m = -1 . At zero field the doubly degenerate excited states can equally well be defined as

l+l> ; l-l> or as (l+l> + l-l>); (l+l> - l-l>). The upper and lower parts correspond to fields applied

parallel or perpendicular to the anisotropy axis, a is constant at low field.
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In zero field we can redefine the doubly degenerate excited states as a linear
combination of m = +1 : l+l> and of m = - 1 : l-l>. Now the operator Sx leads from
IO> to (l+l> + l-l>) and the operator Sv from IO> to (l+l> - l-l>). This separation
leaves the physical behaviour in zero field unchanged. Still both operators Sx and S v lead
from IO> to the doubly degenerate states.

The picture changes as soon as an infinitesimal field is applied perpendicular to the
anisotropy axis. Then the states (l+l> + l-l>) and (l+l> - l-l>) adopt an infinitesimal
splitting and S x leads to one and SY to the other state. With increasing field the lowest
and the highest states get admixtures of other m states proportional to Hj_, see Fig. 4.

The higher transition (in the local picture of Fig. 4), coi, corresponds exclusively
to Sx fluctuations, while the lower one, G)2> corresponds to Sv and with increasing field
also to Sz fluctuations.

Polarised neutrons have certain selection rules [5]. In our case, where the field
Hx = Hx was applied vertically, (i.e. perpendicular to the experimental plane which
includes the anisotropy axis) the S x fluctuations, which are parallel to the field, and in
turn the mode coi are visible only in the "non spin flip" (NSF) channel. At the same time
the Sy and S z fluctuations, which are perpendicular to the field, and thus the mode ©2
show up in the "spin flip" (SF) channel. This separation of the modes was used in the
experiment described in the following.

A short word to the intensities corresponding to S x x , Syy and S z z . The
calculations predict that S x x decreases and S z z increases quadradically with the field,
while Syy shows only slow variation.

A geometrical factor influences the intensities also, because only components of
fluctuations perpendicular to the momentum transfer Q contribute.This geometrical factor
is one for S x fluctuation, because they are always perpendicular to Q. But the intensity of
mode a>2 is weighted by Syy sin^a + S z z cos^a, where a is the angle between Q and
the y direction [£, £, 0]. Therefore, if Q is parallel to the y-direction the mode o>2 is
only visible due to the S z fluctuations, which are vanishing for zero field and increase
linearly with the field Hx.

3. Experiment

The instrument IN 14 at ILL with cold neutrons is equipped for inelastic scattering
with polarisation analysis. A vertically curved pyrolitic graphite monochromator is
followed by a supermirror polarising bender. A horizontally curved Heusler crystal
(Cu2MnAl) analyser determines simultaneously energy and polarisation after scattering.
In this set-up, with a magnetic guide field all along the neutron path, the polarisation of
the bender (neutrons parallel to the magnetisation) is opposite to the Heusler crystal
which reflects neutrons with polarisation opposite to the magnetisation. The reason is that
in the Heusler crystal the sum of the nuclear scattering lengths, together with their phase
factors, is negative for the (111) reflection. Therefore in the position "flipper off (the
flipper was positioned in front of the analyser) only neutrons which underwent a spin flip
in the scattering process can reach the detector. In the following we do not quote the
flipper position, but only "SF" or "NSF".
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A Be-filter in front of the analyser reduced the higher order contamination. The
sample of 0.5 cm3 was mounted in a superconducting magnet with vertical field up to 6
Tesla. The axes [110] (y-direction) and [001] (z-direction) of reciprocal space were
oriented in the experimental plane, perpendicular to the field in x-direction.
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Fig. 5 : Dispersion curves of the magnetic excitations in zero field.

We have earlier experimental results, obtained without polarised neutrons [6], see
Fig. 5. Therefore we repeated only a selected number of scans at zero field. The fitted
parameters were in good agreement with earlier results :

(12)

The splitting of the low frequency modes, (for qz = 0 and 2 in reciprocal space)
could easily be observed within the resolution of the spectrometer, see Fig. 6.

D
J l
J2

v

= 0.524(3)
= 0.0637(8)
= -0.0096(1)
= -0.0043(1)

[THz]
[THz]
[THz]
[THz]

O = {0.5 0.S 2)
6 Tesla
•SF
oNSF

0.3 0.35 0.4 0.45

ENERGY TRANSFER [THz]

0.5 0.60 0.64 0.68 0.72 0.76 0.80

ENERGY TRANSFER [THz]

Fig. 6 : The modes o>2 on the left and the mode toi on the right in the "low frequency" region
(qz = 0 or 2), where the mode splitting is much larger than the instrumental resolution.
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CsFeCIS 8 = 0.0 Tesla
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Fig. 7 : Sheets of
dispersion for the modes
CO i and CO 2 for two
dimensions in reciprocal
space at 0,3 and 6 Tesla.
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We measured a few signals from the two modes in the "SF" and "NSF" channel, to
verify experimentally that coi appears in the "NSF" channel and a>2 in the other, see
Fig. 6. In Fig.6a, we mesured the "SF" and the "NSF" channels for the mode (02 which
had strong intensity in the "SF" channel. The very weak intensity in the "NSF" channel
appears due to non perfect performance of the instrument. The polarisation produced by
the bender and the Heusler analyser is only close to 100 % and the flipper is not perfect
either. The ratio of the main signal to the intensity leaking through is called the flipping
ratio. It was in our case about 15.

Our main interest in the investigation with polarised neutrons concentrated on the
high frequency excitations, where a mode crossing was predicted [4]. Fig. 7 gives the
calculated dispersion sheets at 0,3 and 6 Tesla, where the field dependent parameters
were taken from fits to the new experimental data. Our data sets at 3 and 6 Tesla are quite
complete, see Figs. 8. The parameters obtained by the fitting procedure are :
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Fig. 8 : Dispersion curves of the magnetic excitations at 3 and 6 Tesla for two directions parallel to the
anisotropy axis.



326

The high value for g around 4 was already obtained earlier [6] when we analysed
the data with another theoretical approach [7]. The field dependence of the parameters Qx
and QyZ is expected to be

Q = 1 + aHx2
(13)

The values for a are given in Table I above. Apparently the relation of Eq. (13)
applies very well for Qx but less for QyZ.

The results at 6 Tesla clearly show that the mode coi has always higher frequencies
than the mode C02. But they are so close together that only the polarised neutron technique
made it possible to separate the modes. Fig. 9 shows the "SF" (o>2 mode) and "NSF"
(coi mode). The separation of the centers of these signals is rather small. A serious
experimentalist does not invest too much confidence into only two scans. Therefore we
performed many scans at different positions of reciprocal space in the high frequency
region. The results look similar to Fig. 9 and give convincing evidence for the separation
of the modes.
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Fig. 9 : Scans at Q = (001) and Q = (0.5 0.5 1) at fields of 3 and 6 Tesla.

At 3 Tesla the situation is more delicate, because around the (001) and the
equivalent (111) points in reciprocal space the mode ©2 has the higher frequency. Fig. 9
shows scans also at 3 Tesla, where the inversion can be seen in the scan at (001), while
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the scan at (0.5 0.51) shows the same sense of shift at 3 and at 6 Tesla. Again at 3 Tesla
the multitude of scans confirms the picture given in Fig. 7.

After this principal observation of the crossing of modes coi and C02, we performed
selected scans at 2, 2.5, 3.5 and 4 Tesla. The results show that the mode coi has
everywhere the highest frequency for fields higher than about 4 Tesla.

The experiment with polarisation analysis separates the signals for the coi and o>2
modes everywhere in reciprocal space. As shown above, therefore their frequencies
could be determined everywhere. But the frequencies are not the only information which
can be extracted from the data. The intensities of the modes and their dependence on field
and frequency can be analysed and compared with theoretical predictions [4]. This
analysis is not yet terminated.

4. Conclusion

We applied a magnetic field perpendicular to the anisotropy axis in the singlet
ground state system CsFeCl3. We observed that the modes which are degenerate at zero
field split into two. The mode coi corresponds to Sx fluctuations and is therefore visible
in the "NSF" channel. The second mode » 2 corresponds to Sv and Sz fluctuations as
theoretically predicted and appears in the "SF" channel.

The shift of frequency with increasing field is different for the two modes. This
leads to the effect that up to about 4 Tesla there appears a crossing of the two modes such
that 0)2 has in certain regions of reciprocal space a higher frequency than coi. This
observation is in accordance with recent theoretical predictions [4]. The experimental
verification was only possible due to the use of polarised neutrons.
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