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Field dependence of the Weel temperature in pseudo-one-dimensional
Heisenberg systems
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Department of Physics. Eindhoven Universjty of Technologv, Eindhove», The Netherlands

(Received 19 September 1977)

The field dependence of Tz has been measured in a series of pseudo-one-dimensional Heisen-

berg systems with a varying degree of one dimensionality for magnetic fields up to 90 kOe. In all

cases an anomalous increase of Tz was found. The results are compared with detailed numerical

calculations on the basis of'the isotropic classical Heisenberg model.

INTRODUCTION

According to recent reports, both experimental and
theoretical, the Neel temperature of several systems
may increase drastically when an external magnetic
field is applied. So far, the scarce evidence seems to
indicate that this anomalous behavior is restricted to
pseudo-low-dimensional antiferromagnetic Heisenberg
or XY systems. Experimental results were reported on
CsNiC13, ' tetramethylammonium-manganese-
trichloride (TMMC), ' CsMnCl3 2H20, and a-Cu-N-
Sal [a-his(N-methylsalicylaldiminato)-Cu]. 4 The
theoretical behavior of a system of loosely coupled
Heisenberg chatns was studied by Imry et al. ' From
the suppression of the quantum fluctuations in a field

they deduced a small increase of the ordering tem-
perature Tz. The classical (S ~) Heisenberg chain
in an applied field has been studied by Blume et al. 6

and by Lovesey and Loveluck. ' They obtained the
two-spin transverse correlation functions, the wave-

vector-dependent susceptibility, and the correlation
length. Subsequently Villain and Loveluck' argued
that from the relation between TN of a system of
weakly coupled chains and the correlation length of
the individual chains, the increase of T~ for H perpen-
dicular to the preferred direction may be qualitatively
understood.

In this paper we will present data on the field
dependence of TN for a series of selected pseudo-
one-dimensional Heisenberg systems in high fields.
Moreover, we will confront these data with quantita-
tive theoretical results calculated on the basis of the
S = ~ Heisenberg model and show that this model ex-
plains to a large extent {at least for S —compounds)

5

the experimental results.

EXPERIMENTAL

The majority of the experimental data was obtained
by a continuous heating method. The single crystals
were mounted on a thin copper plate together with a
heater and a set of thermometers. This assembly was

adiabatically suspended in a superconducting solenoid.
The Neel temperature was identified by the maximum
of the specific-heat anomaly, monitored by a change in

the time derivative of the temperature at a constant
heat input. At low fields some data points were ob-
tained by a nuclear magnetic-resonance technique in a

way similar to that applied by Dupas et a/. ' The sys-
tematic error in Ttl, due to uncertainties in the calibra-
tion of the field dependence of the thermometer, did
amount to a rnaxirnum of 30 mK at high magnetic
fields. The experimental resolution was of the order
of 3 mK at H 0, gradually changing to 10 mK at
H 90 kOe.

The experiments were performed on the S 5

compounds CsMnC13 2H20 (CMC), CsMnBr3- 2H20
(CMB), (CH3)4NMnC13 (TMMC), and

(CH3)2NH2MnC13 (DMMC), and on the S =-, com-

pound CuC12 dipyridine (CuPC). Some of the
relevant characteristic parameters are summarized in

Table I. From this table it may be seen that we have
chosen a series in which the degree of one dimen-
sionality varies over a relatively large range. The en-
tries of the table [the ratio of the interchain coupling
J' and the intrachain coupling J, the critical entropy
S,,;„and kT&(0)/2JS(S + l)] are various entities by

which the spatial magnetic dimensionality of the sys-
tems can be estimated. Since we are interested in the
phase boundary with H perpendicular to the moments
it is of importance to know the zero-field array of the
magnetic moments in the ordered state. For the
whole series, except maybe for CuPC, one may safely
assume the anisotropy to be mainly of dipolar origin.
In antiferromagnetic chain-like compounds this will

favor a direction perpendicular to the chain. Explicit
data are only available for CMC and CMB, ' in

which cases the preferred axis and intermediate axis
are indeed in a plane perpendicular to the chain. The
in-plane anisotropy amounts to 500 and 800 Oe,
respectively. Both DMMC and TMMC have a chain-
like structure of face-shared MnC16 octahedra. Data
on the ordered state of DMMC have been obtained
recently in our laboratory. " Apart from the values for
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TABLE I. Review of some characteristic magnetic parameters of the compounds stu-

died in this paper. The definitions of the various entities are given in the text.

Compound N( ) crit (k) J
k

kTN(0)

2JS(S + I)
Ref.

CsMnBr3 2H&O

CsMnC13 2H&O

(CH3) 2NH2MnC 13

(CH, ) NMnCl,

CuC12 2NCgH5

5.75

4.88

3.60
0.85

1.14

15

12

3

1

3

—2.6
—3.0
—5.8
—6.7

—13.4

IO-2

8x10 3

10 3

IO-4

3x10 4

12.6 x10 2

9.3x10 '
3.6 x 10 2

0.7 x10 2

5,6 x 10-'

10

9
11

12

13

T~, S,„;t, J, and J' given in Table I, it could be con-
cluded that also in this case the preferred direction is
perpendicular to the chain and the in-plane anisotropy
amounts to -250 Oe. For TMMC the ordered state
is less clear. "The situation is somewhat complicated
by a phase transition which creates crystallographic
domains with a pseudohexagonal symmetry which ob-
scure the anisotropy perpendicular to the chains.
Nevertheless, TMMC is the best high-spin approxima-

80

60

40

tion to a one-dimensional system available at the mo-
ment and is therefore included in the comparison.
The S = —, system CuPC (Ref. 13) has been measured

because one should expect a much more quantum-
mechanical behavior.

RESULTS AND DISCUSS&&N

The data on the phase diagrams are shown in Figs.
1 and 2, except for CuPC and TMMC, which will be
shown only in reduced form in Fig. 4(b). The meas-
urements have been performed along all relevant
axes, except for TMMC, where no phase transition
could be detected along the chain direction. The in-
crease of T& as a function of applied field is obvious
in all compounds, even for the transition between the
spin-flop and paramagnetic state in CMC, CMB, and
DMMC. From inspection of Figs, 1 and 2 it is also
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I [

DMMC

80-g
TN

60

40

J80—
T

eo-
O

40—

20
20
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Tl„(H) I T~(O) 0.8 1.0 1.4

FIG. 1. Phase diagram of CsMnBr3 2H20 and

CsMnC13 2H&O. For small fields the phase transition along

the a and c axis can be described Py TN(H)/Tz(0) -1+aH .
For CMB the value of a amounts to 3.3 x lo kOe for
H lla and 6.0 x10 kOe for H lie. For CMC the

corresponding values of a are 6.5 x 10 and 12.5 x 10
kOe 2. The dashed curve represents the theoretical estimate

based on the parameters given in Table I.

TN(H) I T~(0)

FIG. 2. Phase diagram of (CH3)2NH2MnC13. The data at

low fields are obtained by nuclear magnetic resonance. For
small fields the phase transition along the b and c axis can be
described by T&(H)/T&(0) -1+aH . The value of a
amounts to 2.3 x 10 for H lib and 3.3 x10 5 for H lie. The
dashed curve represents the theoretical estimate based on the
parameters given in Table I.
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clear that the anisotropy has a drastic influence in

CMC, CMB, and DMMC. It is interesting to note
that in all three compounds the maximum eA'ect is ob-
served with H parallel to the intermediate anisotropy
axis. In TMMC no anisotropy could be detected,
probably due to the pseudohexagonal symmetry. In
CuPC anisotropy between the three crystallographic
directions was rather small and only the average is

plotted in Fig. 4(b).
Insertion of the appropriate values for each com-

pound in the formula for T~(H)/Tv(0) derived by

Imry eI a/. yields values which are one order of mag-
nitude too small ~ This fact agrees with an earlier ob-
servation by Dupas et al. ' Up till now no quantitative
results were available from the classical spin approach,
quoted in the Introduction, apart from the suggested
limit' T+(H)/Tz(0) = v2. Since we have chosen to
investigate mainly S = —, systems we might expect this

theory to be applicable.
The calculations have been performed following

Blume eI al. ' and Lovesey and Loveluck. ' Basically
they involve the computation of the staggered suscep-
tibility by the transfer-matrix technique for the isolat-
ed Heisenberg chain. A set of characteristic results is
shown in Fig. 3.

In the molecular-field approach one may now derive
that for a system of loosely coupled chains, the Neel
temperature is implicitly given by'

2zJ'X(T~) =1

u)20)

T"(

~" toI-

l T l I f I (a)
TN(H& TOR AN ISOTROPIC

S ICAL

TEM

Figure 3 illustrates the graphical method used to ob-
tain T~(H). In order to avoid the intrinsic inaccuracy
brought about by the molecular-field approach, tem-
peratures were scaled to the zero-field ordering tem-
perature T/v(0). Some typcial results are sho~n in

Fig. 4(a). The parameter kT&(0)/2JS(S + 1) indicates
the degree of one dimensionality.

Alternatively, one may insert a simplified relation
between X and the correlation length ( in (1), and ob-
tain a simple proportionality between T& and (."
Such a relation can be particularly useful when only a
numerical or analytical estimate of g is available. Ap-
plication of such a relation in this case yields results
which are qualitatively similar to these shown in Fig.
4(a), but give rise to a somewhat smaller field eA'ect

on Tw(H)/Tw(0)
From the appropriate values for J and T&(0) for

each compound we calculated T~(H) with (1). The
results are plotted in Figs. 1 and 2 together with the

where X is the staggered susceptibility of an isolated
chain and zJ' is the interchain interaction. Application
of this relation results in the field dependence of T&.
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FIG. 3. Typical examples of numerical estimates for the

staggered susceptibility of an isolated classical Heisenberg

chain as a function of reduced field and temperature. The
construction to obtain Tt/(H) by adopting Eq. (1) is also

shown.

FIG. 4. (a) Numerical estimates for T/t/(H)/Tz(0) for a

system of loosely coupled classical Heisenberg chains for

several values of "dimensionality" parameter

kT/&(0)/2JS(S +1). (b) Experimental magnetic phase di-

agrams on a reduced field and temperature scale. For CMC,
CMB, and DMMC only the data points obtained for the field

direction showing the largest eA'ect are shown. For CuPC

only the average is shown. The data for TMMC is supple-

mented with recent measurements by Groen et al. (Ref. 2).
For comparison some theoretical estimates for varying

kT~(0)/2JS(S +1) are also shown.
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experimental results.
Bearing in mind that the theory does not include the

anisotropy, inspection of the results for the individual
compounds show that the effect of an external field on
the susceptibility may very well form the major contri-
bution to the field dependence of T/v. For small
values of J'/J [or kT~(0)/2JS(S + I)] the agreement
seems to get worse. However, one should note that in

the present calculations we have not included any ad-
justable parameters, whereas small changes in the
parameter kT&(0)/2JS(S + I) may have a rather dras-
tic effect. In Fig. 4(b) the experimental results (only
for the field direction in which the largest effect was
observed) are plotted on a reduced scale together with

some theoretical curves. From this figure it may be
seen that a decrease of the experimental value of
kT&(0)/2JS(S + I) leads to an increase of
T~(H)/Tz(0), in agreement with the theoretical pred-
iction. Moreover, the characteristic shape of the ex-
perimental curves matches reasonably well the
theoretical curves for CMC and CMB, whereas CuPC
behaves quite differently in the same region of
Tv(H)/TN(0), probably due to quantum effects which
are not included in the present theory. For lower
values of the "dimensionality" parameter
kT~(0)/2JS(S + I) (notably DMMC and TMMC) the
experimental data for T„(H)/Tg(0) systematically
exceeds the theoretical predictions, especially for

higher fields. Qualitatively this may be understood
from the additional increase of T+(H)/Tv(0) arising
from the suppression of quantum fluctuations in

fields. As already suggested by Irnry et al. ' this effect
increases for smaller values of J'/J.

In view of the results of this first systematic ex-
ploration of the field dependence of T& in pseudo-
one-dimensional Heisenberg systems, we are tempted
to conclude that the experimental behavior of T~(H)
can be fairly well described by the effect of the mag-
netic field on the susceptibility of the individual
chains, at least for high-spin compounds. It will be
necessary, however, to extend the theory with uniaxial
or orthorhombic anisotropy, since it appears that small
anisotropies may have a large influence. Preliminary
attempts have already indicated that for CMC the re-
ported values for the anisotropy reproduce the experi-
mental results along the a and c axis rather well.
Moreover, an extension beyond the classical model
seems necessary to account for the quantum effects.
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