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The short- and long-range spin correlations in the quasi-one-dimensional S=
2 system

{C6DllND3)CuBr3 (CHAS-D 14) have been investigated by (quasi) elastic neutron scattering experi-

ments. The temperature dependence of the sublattice magnetization below T~ ——1.56 K reflects the
presence of ferromagnetic chains in this compound. The intrachain spin correlations in the

paramagnetic region show a crossover from isotropic Heisenberg behavior at high temperatures to
XFbehavior below -3 K, and are surprisingly well described by a classical spin model.

I. INTRODUCTION

The fact that the one-dimensional (1D) S= —,
'

spin sys-

tem with a ferromagnetic nearest-neighbor interaction is a
very simple model system in the extreme quantum limit
has stimulated extensive theoretical studies on this class of
systems. ' Despite these activities, exact results for the
static and dynamic properties are at present only available
for a few special cases. On the other hand, experimental
studies on these systems are still rather scarce.

One of the best realizations of a 1D S =—,
' ferromagnet-

ic system known at this moment is (C6H»NHi)CuBrq
(CHAB). The intrachain interaction in this compound
exceeds the coupling between the chains by three orders of
magnitude. ~ Its static properties have been established by
heat-capacity and magnetization measurements and may
be described by an intrachain interaction Jjktt ——55+5 K
containing about 5% XF anisotropy. The q =0 part of
the dynamic form factors A a(q, to) (Ref. 2} has been in-
vestigated by ferromagnetic-resonance (FMR) experi-
ments. The field dependence of the signals observed at
low temperatures could be interpreted in terms of stan-
dard spin-wave theory. The analysis confirmed the gen-
eral characteristics mentioned above and revealed, in addi-
tion, that the anisotropy within the XF plane is very
small; (J —J"")/J =5X10, i.e., 1% of the XI'aniso-
tropy itself. Additional information on the elementary ex-
citations in CHAB was obtained from measurements of
the nuclear spin-lattice relaxation time and the field
dependence of the heat capacity hC (8)=C (8)
—C(8 =0). It appeared that spin-wave theory failed to
describe even the qualitative behavior of bC(8}, suggest-
ing that nonlinear processes in this compound may be
very important, at least in a certain range of field and
temperature. In view of the easy-plane anisotropy in J,
the observed behavior was interpreted in terms of the
sine-Gordon model, which was found to yield a fair

description of the data. A more detailed analysis of the
heat capacity, however, revealed that the applicability of
this classical model to the S = —, system CHAS resulted
from an accidental canceling of the quantum sine-Gordon
corrections by the effect of spin components out of the
easy plane. '

In view of the results summarized above and the still
rather incomplete theoretical description of the present
class of model systems we have started a detailed study of
the static and dynamic magnetic properties of CHAB by
means of neutron scattering experiments. In this paper
we shaB report on the first part of this study, dealing with
the three-dimensional (3D) long-range order and the
quasistatic 1D spin correlations in the fully deuterated
compound (C6DiiNDi)CuBr& (CHAB-D14). The organi-
zation of the paper is as follows. In Sec. II we shall brief-
ly review the crystallographic and magnetic properties of
hydrogenated and deuterated CHAS. The behavior of the
3D-order parameter in CHAB-D14 will be discussed in
Sec. III, whereas Sec. IV mill be devoted to the tempera-
ture dependence of the intrachain spin correlations. The
paper will be concluded with a discussion in Sec. V.

II. CRYSTALLOGRAPHIC AND MAGNETIC
PROPERTIES

In contrast to the chlorine compound
(C6H i ]NH3 )CuC1& (CHAC, Ref. 8), the crystallographic
structure of CHAB has not yet been reported in detail.
Pounder x-ray diffraction measurements on both hydro-
genated and deuterated CHAS indicate that also the bro-
mine compounds have an orthorhombic structure, with
a =19.84 A, b =8.78 A, and c =6.44 A (300 K), space
group P2,2,2i, and four formula units in the crystallo-
graphic unit cell. This is supported by single-crystal neu-
tron diffraction experiments on CHAB-D14. The powder
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measurements reveal that the fractional coordinates of the
heavy atoms within the unit cell of this compound are
only slightly different from those in CHAB-H14 and
CWkC. A detailed report on the synthesis and structure
of CHAS-D14 will be pubhshed elsewhere.

Preliminary FMR and magnetization measurements on
CHAB-D14 yield results that are identical to those on
CHAB (Refs. 3 and 4) within experimental inaccuracy,
which suggests that deuteration of this compound has
only a small effect on the magnetic properties. The mag-
netic array consists of -Cu-Br&-Cu-Brs- chains running
along the crystallographic c direction. The magnetic
properties of the individual chains can be described by the
Hamiltonian

H = —2 + (J S;"S;+i +J~S)"Sf+r +J~S,'S + i ),

with J jks ——55+5 K, J /J =0.95, and (J —J~)l
J =5)&10 . The y axis coincides with the crystallo-
graphic c axis, whereas the x axis is located within the ab
plane at an angle p from the b axis. Two symmetry-
related types of chains are present, with y= —25' and
+25', respectively. We wish to stress that the XFcharac-
ter of the intrachain interaction in CHAB originates from
the symmetry of the local environment of the Cu2+ ions,
which explains the fact that the easy XF planes are not
perpendicular to the chain direction, like in tetramethyl-
ammonium manganese trichloride (TMMC) and
CsXlF, ."

The weak coupling between the chains induces a 3D
noncompensated antiferromagnetic ordering below TN
=1.50 K for CHAS-H14. s If we assume that the mag-
netic space group of this compound belongs to the
Opechowski family" of the space group P2i2i2i, only the
magnetic space group P2i2'i2i satisfies the requirements
imposed by the experimental observations, viz. , the pres-
ence of ferromagnetic chains along c, magnetic moments
located within the ab plane, and a net ferromagnetic mo-
ment along the a direction. Although this magnetic space
group in principle allows a canting of adjacent moments
within each chain towards the positive and negative c
direction, respectively, FMR rotation diagrams demon-
strate that such a canting —if actually present —amounts
to less than 2'. We like to note that the spin structure
below Tz is similar to that inferred for CHAC (Ref. 8)
from arguments relating the strength and sign of the vari-
ous interactions in this compound to the possible superex-
change paths.

with the c axis vertical. Sample temperatures between
0.39 and 2 K could be maintained with a typical stability
of a few mK.

For the 30 magnetic structure, conjectured in Sec. II,
the strongest magnetic Bragg reflection in the a'b'
scattering plane is expected at (100). Because, moreover,
in an ideal P2i2, 2i structure the (h00) nuclear Bragg re-
flections with odd Ii are systematically absent, the (100)
position was selected to monitor the temperature depen-
dence of the 3D antiferromagnetic order of the coin-
ponents p,». Below T=1.6 K, a significant increase of in-
tensity was observed, which at the lowest attainable tem-
perature (0.39 K) did amount to =6%o of the intensity of
the strongest nuclear reflection (310) in the a'b' plane

Figure 1 shows the resulting temperature dependence of
the sublattice magnetization M„which in CHAS is pro-
portional to (p»), since the direction of the moments
within the ab plane is fixed by the easy-hard anisotropy.
The data, corresponding to the square root of the intensity
after subtraction of the background observed at T =2 K,
are represented by open circles. From extrapolation of a
smooth curve through the data the ordering temperature
is found as T~ 1.56+0——.02 K. This result is rather close
to the value TN ——1.50 K for CHAB-H14, which confirms
that deuteration of CHAB has only a small effect on the
magnetic properties.

The low-temperature behavior of the sublattice magnet-
ization seems somewhat unusual, in the sense that it con-
tinues to increase down to very low temperatures. This
behavior, which in fact indicates the presence of a large
density of states at low energy in this compound, can be
understood —at least qualitatively —within the framework
of conventional mean-field (MF) theory. In Fig. 1 we in-
cluded the MF predictions for S = —,

'
and for a classical

(S= oo } system. Inspection of this figure shows that the
qualitative behavior of the data resembles that of the clas-
sical MF model rather than that of the S=—,

' model.

This may result from the presence of ferromagnetic
chains in this compound, which behave as "rigid" entities

III. LONG-RANGE ORDER

In order to investigate the development of long-range
order below T~ in CHAS-0 I4, neutron-diffraction exper-
iments were performed on the D1S spectrometer at the
reactor BER II in two-axis configuration. A wavelength
of 1.715 A was used, obtained from the Ge(311) reflec-
tion. A 30' Soller slit collimator was placed in front of
the detector. The vertical collimation and the horizontal
divergence of the incoming neutron beam ( —1') were
determined by the geometry of the diffractometer. A sin-

gle crystal of CHAS-D14 with dimensions
a Xb Qe=5&&2&18 mm was mounted in a He cryostat

[C6Q~~ NQg) Cu 91.
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FIG. 1. Temperature dependence of the order parameter M,
in CHAS-014 deduced from the magnetic Bragg intensity at
(100). The data are represented by open circles, whereas the

solid curve is meant as a guide to the eye. Error bars are plotted

only if they exceed the size of the data points. Broken curves re-

flo:t mean-field predictions.
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with a large value of S if k&T/J &~1. These entities are
weakly coupled in a two-dimensional array by the inter-
chain interactions. If this simplified picture holds, the
quantitative deviations between the classical MF model
and the data at low T might be attributed to dimensionali-

ty effects, since in general a reduction of dimensionality
causes the sublattice magnetization in this region to vary
more slowly with T than that of the corresponding MF
prediction. Such a conclusion, however, should be con-
sidered with some reservations, because the presence of
anisotropy is known'2 to have a similar effect.

IV. 1D SHORT-RANGE ORDER
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(da/dQ) =A A (q)=A «,'X (0)/(» +q ) . (2)

In this equation A ~ is a proportionality constant,
a=x,y,z, a is the so-called inverse correlation length for
the spin components S, X (0) is the magnetic suscepti-
bility of the chain along a, and q is the distance to the
plane.

In the present experiments, the optimum configuration
for quasielastic measurements, i.e., the wave vector of the
scattered neutrons parallel to the plane, ' would be real-
ized for suitably chosen scans through the 1=2 plane.
Unfortunately, such scans did not reveal any significant
change of the scattered intensity between 2 and 55 K, due
to the reduction of intensity by the magnetic form factor
and the unfavorable orientation of the resolution contour
with respect to the plane. For this reason, scans were per-
formed normal to the I =0 plane, in which the scattered
intensity was enhanced by increasing the horizontal and
vertical divergence to the limit set by the geometry of the
diffractometer ( =1 ). The resulting resolution contour in
the scattering plane, determined experimentally at the
(110) Bragg reflection, is depicted in the inset of Fig. 2.
In this configuration, the intensity observed in the 1=0

The development of magnetic correlations within the
individual chains in CHAS-014 in the paramagnetic re-
gion was investigated by quasielastic neutron scattering
experiments. For this purpose a single crystal with di-
mension 5)&14&23 mm was mounted in a He cryostat
with both the c' and the [110] directions within the
scattering plane. Part of the experiments were performed
on the D1S spectrometer at BER II in two-axis configura-
tion using a wavelength of 1.715 A. The data were sup-
plemented with measurements at the High Flux Reactor
(HFR) in Petten. In the latter case a wavelength of 1.497
A was used, obtained from a Zn(002} monochromator.
Sample temperatures between 1.5 and 10 K could be
maintained with a long-time stability of about 20 mK. At
the highest experimental temperature ( =55 K},the stabil-
ity was about 0.5 K.

The presence of ferromagnetic intrachain correlations
in this compound will give rise to diffuse scattering with
maximum intensity in planes in reciprocal space perpen-
dicular to c' at t=2n, because the spin-spin distance
equals c/2. The scattering cross section along a direction
normal to such a plane, resulting from correlations be-
tween the a components of the spins, can be approximat-
ed by a Lorentzian, which can be written as' '
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FIG. 2. Neutron scattering intensities observed at 2.30 and
5.97 K along (0.78,0.78,() corrected for the intensity at 55 K.
The solid curves are best fits to the data of the convolution of a
Lorentzian with the experimental resolution. Note the differ-
ence in scale for the two scans. The resolution contour around
(0.78,0.78,0) is plotted in the inset, whereas the effective width
of the resolution along c is depicted at the center of the scans.

plane was found to increase by a few percent when the
temperature was lowered from 55 to 2 K. The intensity
profile perpendicular to the plane between 1.5 and 10 K
was studied by scans along Q =(0.36,0.36,g) and
(0.78,0.78,() at BER II and the HFR in Petten, respective-
ly. After subtraction of the intensity, observed in similar
scans at 55 K, the data were analyzed by least-squares fits
of the convolution of a Lorentzian [cf. Eq. (2)] with the
experimental resolution function R(q}. Since the magnet-
ic scattering occurs in planes perpendicular to the scatter-
ing plane, the resolution in the vertical direction has no
effect on the deconvolution procedure. In the analysis we
had to include a q-independent term in order to account
for the small differences in the background intensity dur-
ing subsequent reactor cycles.

As an example, the data collected at 2.30 and 5.97 K,
corrected for the background, are plotted in Fig. 2. The
solid curves represent the results of the analysis outlined
above. The resulting inverse correlation lengths are plot-
ted in Fig. 3 as a/T against T. Included in the figure are
several theoretical predictions, all of which are calculated
without any adjustable parameters, i.e., using the ex-
change and anisotropy parameters, which are appropriate
to CHAB (cf. Sec. II). The dashed curve represents the
temperature dependence of the inverse correlation length
of a fully isotropie Heisenberg system of classical spins,
given by'
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FIG. 3. Temperature dependence of the inverse correlation
length ~ along the chains of CHAS-D14, plotted as ~/T against
T. Experimental data are represented by open circles. The vari-
ous theoretical predictions are discussed in the text.
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for J/kii ——J /kii ——55 K. It should be emphasized that
in all calculations we use classical spina with a "length"
equal to the spin quantum number S rather than the value
v'S(S+1) resulting from a semiclassical approximation.
We will return to this point in the Discussion. Above
T=4 K, Eq. (3) describes the observed correlation length
fairly well. In fact, if we would have used a value
J/kii ——60 K, which is within the uncertainty limits given
in Sec. II, a very good agreement between theory and ex-
periment would have been obtained in this temperature re-
gion. At lower temperatures, however, the experimental
results for a drop significantly below the prediction for
the isotropic case. The data seem to approach the inverse
correlation length for the classical XY model, given by
Ic=k~T/4JS at low T. This prediction for J/kii ——55 K
is represented by the dashed-dotted line in Fig. 3. The ap-
parent crossover from Heisenberg behavior at high tem-
peratures to XF behavior below T 3 K is correctly
described by transfer-matrix calculations' of the correla-
tion length of the spin components within the easy plane
for a chain of classical spins using the full set of exchange
and anisotropy parameters given in Sec. II. The results of
these calculations are represented by the solid curve in the
figure.

Because CHAS is an S= —,
'

system, it would be prefer-
able to compare the experimental data with calculations
of the correlation length in a real quantum model system.
To our knowledge, however, theoretical results are only
available for the 5=—,

' XY system, ' which we have
represented by the dotted line in Fig. 3, corresponding to
J/kii ——55 K. The relation of this prediction to the other
results presented in this figure will be discussed in the fol-
lowing section.

FIG. 4. Predicted temperature dependence of the magnetic
susceptibility P (0) and the inverse correlation length ~ along
the chains in CHAS for the spin components along the easy (x),
intermediate (y), and hard (z) directions. The results are ob-
tained from transfer-matrix calculations on a one-dimensional
classical spin model with J /k~ ——55 K, J /J =0.95, and
(1—J~/J )=5X10 . a is expressed in units of the inverse
spin distance.

V. DISCUSSION

From the comparison of the experimental data with
theoretical predictions in Sec. IV it is obvious that
transfer-matrix calculations of the inverse correlation
length of a chain of classical spins, based on the spin
Hamiltonian and interaction parameters inferred from
heat-capacity and FMR experiments yield a surprising-
ly good description of the actual data on ic for the present
S=—,

'
system. As already mentioned above, we have used

a classical interaction energy 2JS instead of the semiclas-
sical value 2JS(S+1).' In the latter case, the theoretical
prediction for ic/T presented in Fig. 3 would have been
shifted downwards by about a factor of 3, which would be
far below the experimental data. This tendency is con-
sistent with the interpretation of the excess heat capacity
of CHAB-H14 in terms of the classical sine-Gordon
model, which also indicated that the spin length can be
chosen equal to the spin quantum number S. To some ex-
tent, this choice is supported by the rather good quantita-
tive agreement between the behavior of a calculated for
the classical XY and for the S = —,

' XI' model, as can be
seen in Fig. 3.

A few aspects of the present interpretation should be
emphasized. In the evaluation of lc, we tacitly assumed a
Lorentzian intensity profile [cf. Eq. (2)], which corre-
sponds to an exponential decrease of the spin-spin correla-



4830 KOPINGA, de JONGE, STEINER, de VRIES, AND FRIKKEE 34

tions (S;S;+ ) with distance m, as in the isotropic clas-

sical spin model. For the anisotropic classical spin
model' and the S = —,

' XF model, ' such an exponential

decrease occurs only for large values of m. Unfortunate-

ly, the very weak magnetic scattering in our experiments
precludes a detailed analysis of the line shape. Therefore,
we tried to estimate the implication of this approximation
by comparing the full width at half maximum (FWHM)
of the reported wave-number-dependent spin pair-
correlation function P'(q) of the S=—,

' XI' model with
that of a Lorentzian curve corresponding to the same
value of lr. This comparison revealed that the width of
the Lorentzian exceeds that of P'(q) by about 20% at the
lowest temperatures. For the classical spin model with
anisotropy parameters appropriate to CHAS, the devia-
tions are found to be smaller by almost one order of mag-
nitude, and hence do not affect the interpretation given in
Sec. IV.

Finally, we comment on the crossover region. In the
experiments reported in Sec. IV the diffuse intensity has
been recorded transverse to the [110j direction in recipro-
cal space. At the center of the scan the scattering vector

Q is located in the ab plane at an angle of 23.8' from b
Since only spin components perpendicular to Q contribute
to the scattering, it can be deduced from the magnetic
structure of CHAS, presented in Sec. II, that the propor-
tionality constants A in Eq. (2) have a relative magni-
tude of 0.28, 1.0, and 0.72 for the spin components along
the easy (x), intermediate (y), and hard (z) directions,
respectively. Apart from this, the contribution of these
spin components io the intensity near q =0 is proportion-
al to the corresponding susceptibilities X (0};a=x,y, z.
The implications for our experiments are illustrated in
Fig. 4, where we present results of transfer-matrix calcula-
tions of ir, and X~~(0), obtained for the set of parameters

appropriate to CHAB. From this figure it is obvious that
the correlations between the spin components along the
hard axis are markedly different from those between the
components along the easy and intermediate axes. In
principle, this behavior complicates the interpretation of
the present data. At T) 8 K, however, the difference be-

tween ir„and a, decreases to about 10%, and hence the
systematic error caused by fitting the scattering profile by
a single Lorentzian is of the same order of magnitude as
the experimental uncertainty. For T & 3 K, on the other
hand, the susceptibility along the hard axis, X (0},is more
than a factor of 10 smaller than X (0) and X~"(0), and
therefore the intensity is almost completely determined by
the spin components within the easy plane. Therefore, we
conclude that outside the cross-over region (3 K& T &8
K) the analysis of the scattering profile is—in principle—
straightforward. Unfortunately, the magnetic scattering
above 10 K was too weak to enable a quantitative analysis
of the data. On the other hand, the intensity profile below
2 K has not been analyzed in detail, since at these tem-
peratures the observed magnetic scattering decreased sig-
nificantly. This is most likely due to the development of
3D spin correlations, which cause the intensity to contract
towards magnetic Bragg peaks.
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