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Static properties of a ferromagnetic S=1/2 chain system with orthorhombic exchange anisotropy:
Comparison of numerical results and experimental data on [C6H»NH3]CuC13
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Results of the numerical quantum-transfer-matrix method (QTM) are compared with experimental
data on [C6H„NH, ]CuC1, , a quasi-one-dimensional ferromagnetic S =

—,
' system with orthorhombic ex-

change anisotropy. The experimentally observed static properties of this system, such as magnetization,
susceptibility, and heat capacity, generally can be described with an accuracy comparable to the experi-
mental error. At temperatures extending up to a few kelvin above the three-dimensional-ordering tem-

perature systematic deviations between theory and the data are found; they are attributed to the (very
small) coupling between the chains in this compound.

The static and dynamic properties of one-dimensional
(1D) S =

—,
' systems with a dominant nearest-neighbor in-

teraction have been the subject of a large number of in-
vestigations. These systems display a large variety of
quite interesting features, which are not present in sys-
tems with a higher dimensionality. ' These features
strongly depend on the type of anisotropy in the magnet-
ic intrachain interaction and the magnitude and direction
of the external field. ' In particular, not only do the
linear excitations contribute significantly to the thermo-
dynamic properties of these systems, but in a certain
range of fields and temperatures nonlinear excitations
may have a large statistical weight.

In the past few years, the compound
[C6H»NH3]CuBr3(CHAB) has been studied very exten-
sively. The ferromagnetic intrachain interaction in this
substance contains about 5%%uo easy-plane anisotropy. For
this type of anisotropy, the excitation spectrum may con-
tain local, nonlinear excitations called kink solitons.

Since CHAB is an almost ideal one-dimensional mag-
netic system, it has been used as a test case for numerical
computations of the thermodynamic properties, which
are based on the actual quantum-mechanical spin Hamil-
tonian. Since exact solutions of this Hamiltonian for the
infinite system are not available, either approximations
involving the numerical diagonalization of the Hamilton
matrix for finite chains ' or procedures based on the
mapping of the one-dimensional quantum system to a
two-dimensional array of classical (Ising) spins have
been used. The properties of the resulting classical sys-
tem were evaluated by Monte Carlo simulations or by a
numerically exact transfer-matrix method (QTM). ' A
very detailed analysis of the thermodynamic properties of
CHAB has recently been performed by a comparison of
the experimental data with results obtained using the
latter approach. " For one consistent set of exchange and
anisotropy parameters an almost perfect agreement was
found, which indicates that this numerical approach
yields accurate results, at least in the case of easy-plane
anisotropy.

A second almost ideal realization of a ferromagnetic
S =

—,
' chain system is the chlorine isomorph of CHAB,

[C6H& &NH3]CuC13(CHAC). The intrachain interaction
in this compound is of the same order of magnitude as
that in CHAB, but, instead of an easy-plane character,
the anisotropy in CHAC has an orthorhombic or XYZ
symmetry. ' Such a change of anisotropy is known to
have a dramatic effect on the static and dynamic proper-
ties at low temperatures. ' In particular, the excitation
spectrum in an XYZ system is predicted to consist mainly
of (linear) magnons and bound complexes of two or more
magnons, so-called magnon bound states. Some experi-
mental evidence for the presence of these magnon bound
states in CHAC has been obtained from ferromagnetic
resonance (FMR) measurements. ' A recent analysis of
the differential magnetic susceptibility of this compound
indicates that also the thermodynamic properties are
dominated by these excitations in a certain range of fields
and temperatures. '" A quantitative agreement between
theory and experiment is, however, still lacking. It is not
clear whether this is due to inadequacies in the theory or
to uncertainties in the values of the exchange and anisot-
ropy parameters. Therefore we thought it worthwhile to
compare experimental data on the static properties of
CHAC with numerical QTM results for the correspond-
ing model system. An analysis of these data will provide
rather accurate estimates of the intrachain interaction pa-
rameters in CHAC, allowing reliable checks of the validi-
ty of various theoretical predictions for the excitation
spectrum in XYZ systems. Apart from this, such an
analysis may serve to test the accuracy of the (extrapolat-
ed) QTM results for systems with this type of symmetry.

The Hamiltonian describing the individual chains in
CHAC is given by

&= —2 g (J" S S,+J ~S, S,+J"S,'S,', )

ps g S;gB,
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whe«J (a=x,y, z) denote the components of the intra
chain interaction tensor and B is the applied magnetic
field. From FMR experiments the anisotropy of the in-
teraction tensor has been deduced' as (J —J")/
k~ =1.03 K, (J —J~~)/ks =0.53 K, whereas the princi-
pal components of the g tensor have been determined
from electron-spin-resonance (ESR) experiments. ' The
magnitude of J /kz is estimated from zero-field heat-
capacity and susceptibility' measurements to range be-
tween 45 and 70 K. The crystal structure of CHAC

'

thorhom
'

is or-
or ombtc. The y axis in Eq. (1) corresponds to the

crystallographic c axis, whereas the x axis lies in the ab
plane at an angle y from the b axis. Two symmetry-
related types of chains are present with = + 17' d

, respectively. Three-dimensional antiferromagnetic
ordering in CHAC occurs at T& =2.214 K.

The present version of the QTM' has been described
in detail in Ref. 17. All calculations have been performed
on open chains of X = 150 spins and Trotter numbers up
to M=10. A further increase of N had no significant
effect on the calculated results. The results presented
here were obtained by extrapolating data for M =7,8, 9
or M =8,9, 10 to M = oo using the 1/M 1 Ty

'
1

ly, the various extrapolations agreed within a few percent
or temperatures down to T=3 K. At higher tempera-

tures, the uncertainty in the extrapolations becomes
negligibly small.

To obtain a reliable set of exchange and anisotropy pa-
rameters we have concentrated on the reduced magneti-
zation M/Ms. This property was chosen because experi-
mentally full saturation was observed at T = 1.2 K for all
directions of B, and hence systematic errors in the abso-
lute magnitude of M cancel out. Apart from this, the nu-
merical results for M are very accurate and the g values
can be treated as fixed parameters, since they have been
deduced directly from ESR experiments. ' Moreover,
small deviations of CHAC from ideal model behavior are
expected to be of minor importance at higher fields and
temperatures.

In Fig. 1 we have plotted the experimentally observed
magnetization of CHAC for all three crystallographic

irections as M/Mz. The full curves represent the re-
sults of QTM calculations, using the set of parameters
given above, except for the anisotropy (J' —J~~)/ks,
which was modified to 0.8 K to obtain an acceptable
description of the data at higher temperatures. This sug-
gests a somewhat more pronounced Ising-like anisotropy
than that deduced from FMR measurements in the or-
dered state. ' The value of the intrachain coupling was
optimized to J /ks =56.5 K, which falls within the
range quoted above. The overall agreement betwe thween e

Q results and the experimental data is very good; the
deviations occurring at low temperatures are attributed
to deviations of CHAC from ideal 1D model behavior
due to the small interchain interactions. The description
of the data at T=4.2 K can be improved by using the
value (J —J~~)/ks =0.53 K, determined from FMR at
T=1.2 K, which suggests that these (largely dipolar) in-
terchain interactions induce a change of the effective an-
isotropy at lower temperatures.

Next, we will consider the excess heat capacit y
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b, C =C(B)—C(0). The experimental data for B along
the b and c axes are plotted in Fig. 2, together with the
QTM results calculated for the same set of parameters as
the magnetization. The figure reveals very good agree-
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experimental equipment, since a comparable systematic
difference between theory and experiment has also been
observed for CHAB. "

In Fig. 4 we have plotted the experimentally observed
diff'erential susceptibility (aMyaa) of CHAC (Ref. 14) at
various fields and temperatures. The reported data have
been collected on powdered samples. The curves in the
upper half of the figure denote the corresponding QTM
results calculated for the same set of parameters as de-
duced above and assuming a uniform distribution of the
orientation of the individual crystallites in the sample.
Although the overall agreement between theory and ex-
periment is very satisfactory, some systematic deviations
occur, which probably arise from texture in the sample.
To illustrate the possible effect of such a texture, we have
plotted the QTM results for the individual crystallo-
graphic axes and B = 1 T in the lower half of Fig. 4.

In conclusion, we state that a comparison of the QTM
results with the relevant experimental data on CHAC
yields a very good agreement. The deviations that are
observed are comparable with the experimental uncer-
tainties. This suggests that the present QTM results,
based upon extrapolation of the numerical data for
Trotter numbers up to M = 10, are very reliable and may
therefore be used to check the applicability of various
analytical approximations for the behavior of systems
with an orthorhombic or Ising-like anisotropy. Among
these we mention in particular predictions for those ther-
modynamic properties that are dominated by nonlinear
excitations, e.g. , magnon bound states.

The authors would like to acknowledge W. J. M. de
Jonge for stimulating discussions and A. J. van
Duyneveldt for sending us his experimental data.
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