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C. R. Stirrat, S. Dudzinski®*, A. H. Owens®*, and J. A. Cowen
Department of Physics, Michigan State University, East Lansing, Michigan 48824
(Received 24 August 1973)

The low-temperature magnetic susceptibilities and electron spin resonance of single crystals of
[(CH,);NH]CuCl, - 2H,0 are reported. The crystal orders magnetically at T, = 0.157 £ 0.003 K.
Above the transition the susceptibility can be fit to the high-temperature expansion for a
two-dimensional ferromagnetic square Heisenberg lattice with J/k = 0.28 4 0.02 K. Below T the
crystal exhibits behavior characteristic of weak antiferromagnetic coupling between the ferromagnetic

layers.

INTRODUCTION

The crystal structure and some magnetic prop-
erties of [(CH,);NH ]JCuCl, - 2H,0 have recently been
reportedby Losee etal.! The compound is mono-
clinic and belongs to the space group P2,/c with
a=1.479A, b=7.864A, c=16.730 A, and 8=91.98°
with four chemical-formula units per unit cell. The
most significant feature of the structure is the
chains of edge-sharing CuCl4(OH,), octahedra run-
ning along the z axis. These chains can be pictured
as bonded into layers of composition CuCl; - 2H,0
situated at heights 0 and 3 along the c axis.

From such a structure one might expect linear-
chain or other low-dimensional magnetic behavior
with strong exchange interaction (J,) along the
chains, intermediate exchange interaction (J,) be-
tween the chains within the layers, and weakest
exchange interaction (J;) between the layers.

The susceptibility and specific heat down to 1.5
K as measured by Losee et al. do not appear to
have any very unusual features. In an attempt to
understand the data, they fit the susceptibility to
a Curie-Weiss, Ising linear chain, and an isotropic
Heisenberg ferromagnetic chain, and the specific
heat to an Ising-linear-chain and isotropic-Heisen-
berg-linear-chain models, as well as a binary-
cluster model without any very great success.

The magnetic properties of (CH;);NHCoClg - 2H,0
have been well explained using an essentially two-
dimensional rectangular Ising model.? Although
the cobalt salt is orthorhombic while the copper is
monoclinic, the monoclinic salt can be derived
from the orthorhombic by a 2° macroscopic dis-
tortion so that the microscopic descriptions are
similar.

In the light of these results, we felt that exten-
sion of the susceptibility measurements to lower
temperatures and ESR measurements might prove
enlightening.

EXPERIMENTAL DETAILS
Single crystals were grown from a 1:1 mixture
of [(CH;);NH]C1 and CuCl, - 2H,0 in water at room
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temperature. The crystals were oriented by means
of an optical goniometer using the angles of face
normals given by Groth® and checked by x-ray mea-
surements of the cell parameters. We have fol-
lowed the convention of Losee ef al.! and have in-
terchanged the a and ¢ axes relative to Groth’s
morphological description.

The ESR data was taken at T=300, 77, and 4 K
using a simple reflection-type X-band spectrome-
ter with fields up to 10 kOe. The sample was
mounted on the side wall of a rectangular cavity
and rotation data were taken in three orthogonal
planes.

The near-zero-field ac magnetic susceptibility
was measured using a 17-Hz mutual-inductance
bridge. The éusceptibility was measured as a func-
tion of temperature and orientation from 4.2 to 1.2
K in a *He cryostat in which the crystal may be
rotated about one axis.* Susceptibilities were mea-
sured along the a, b, and ¢ axes over this entire
temperature range on a number of samples.

Below 1.2 K the susceptibility was measured in
the same manner using a *He-*He dilution refriger-
ator. In this case the orientation is fixed and one
obtains x vs T for only one value of §. In the dilu-
tion refrigerator the temperature was determined
by a carbon-resistance thermometer, which was
calibrated against the susceptibility of powdered
cerium magnesium nitrate. Only one run of the
b- and c-axis orientation was made while the a
axis was run in two different refrigerators in an
attempt to resolve the inconsistencies in a-axis
data.

ELECTRON SPIN RESONANCE

Although this is a concentrated salt, the ESR
lines are only 250 Oe wide, so that the signals from
nonequivalent coppers are resolvable and g-value
accuracy of 3% can be obtained.

The principal g values and their directions rela-
tive to the crystal were determined from measure-
ments of the g-value variation in the ab, bc’ and
c'a planes. The ¢’ axis is defined as the axis per-
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pendicular to the ab plane. It differs from the
¢ axis by less than 2°. Following the method of
Schonland, ® these rotation patterns were fit by a
least-squares technique to

g8 =a+Bcos26+ysin26 .

From o, B, and y determined for each rotation the
g-tensor elements can be determined. The princi-
pal values and axes are determined by diagonalizing
this tensor. Although there are four chemical-
formula units and therefore four copper atoms per
unit cell, we find no more than two lines in any
rotation. Thus we can resolve only two nonequiva-
lent paramagnetic complexes per unit cell, We

can interpret the observed rotation patterns by two
principal-axis g tensors having essentially the
same principal values but different principal axes.
The principal values and polar and azimuthal angles
specifying these two tensors are given in Table I.
Note that the principal axes do not coincide with
the crystal axes, but that the g values for the crys-
tal axes are well determined, being the g-value
extremes in the ab rotation, where only one ESR
line is observed, and the values where the two ob-
served lines cross in the other two rotations.
These values are g,=2.238+0.010, g,=2.037
+0.010, and g,=2.195+0.010. Although this data
was obtained at 7=77 K no difference was observed
in measurements made at 300 and 4 K.

The ESR results do not lend themselves to a
simple interpretation. The principal axes do not
fall near the Cu-Cl and Cu-O directions of the dis-
torted octahedron surrounding the coppers, as one
might expect. The main value of these results
arises in the use of the g values to calculate Curie
constants for the susceptibility.

SUSCEPTIBILITY

The magnetic-susceptibility data is displayed in
Fig. 1 where X! is plotted for the a, b, and c axes
over the entire temperature range for which data
was taken. In Fig. 2 we plot the magnetic suscep-

TABLE 1. Principal g-tensor values and orientations.
6 is measured from the ¢’ axis toward the ab plane and
¢ is measured from the a axis toward the b axis.

Tensor 1
g 6 ¢
2,343 +£0,.010 49,.8° +2,0° 170.1°+2,0°
2,027+0.010 74, 4° 273.6°
2,095+0,010 44 ,4° 20,3°
Tensor 2
g 6 ¢
2,333+0,010 140.5° 176.9°
2.029+0.010 76.9° 103.7°
2,101 +0,010 42.4° 151.6°
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FIG. 1. Inverse magnetic susceptibilities of

[(CH3)3NHICuCl; * 2H,0 parallel to the a, b, and ¢ axes.

tibility parallel to these three axes at temperatures
below 0.45 K. There are three interesting features
of the results. The first is that the system does
order magnetically at 7,=0.157+0.003 K, where
the ordering temperature is taken as the point of
maximum dx,/dT. The second interesting feature
is that the behavior of x below T, appears to be
antiferromagnetic in nature, yet x,, which most
resembles x,, does have a nonzero value as T-0.
Experimental errors due to misalignment and
empty-sample-holder contributions are smaller

16 * Xq 1
I . l. . xb |
: " * Xe
12 Mmool -
— F b o
)] Al
° I AL, " 7
€ o o A& g
Se & 4
g S50
L | , W * . i
> ‘A‘ R 2",
4t ." LY . a’ s . ]
---f -* ]
O . Il 1 A A A 1 1
0] 0.l 0.2 0.3 04
T(K)

FIG. 2. Magnetic susceptibilities of
[(CHg)3sNH]CuCl3+2H,0 parallel to the a, b, and ¢ axes
near the transition temperature.



9 MAGNETIC SUSCEPTIBILITY AND ELECTRON SPIN...

than this deviation. In addition, x, and x, exhibit
strong temperature dependence below T, unlike
X, for an antiferromagnet. The third feature is
the large value of the peak susceptibility for all
three axes. Such behavior could arise from anti-
ferromagnetic order with a small net moment due
to canting, or it could be the result of ferromag-
netic planes weakly coupled antiferromagnetically.

The cobalt salt?® is best explained as an Ising
lattice with J;/k=7.T K, &/k=0.09 K, and Jy/%
=~~0.01 K giving rise to ferromagnetic sheets very
weakly coupled antiferromagnetically with a net
moment. Our results in trimethylamine copper
chloride clearly indicate that J; is much smaller
than it was in the cobalt salt. Since copper has
rather small g-factor anisotropy, and (being S=3)
no zero-field splitting, it is unlikely to be Ising-
like.

In the light of these factors we attempt to fit the
data above T, with a two-dimensional ferromagnetic
Heisenberg interaction. Since there are no exact
solutions available, we used the high-temperature
expansion due to Baker et al.” Figure 3 is a graph
of C/x.T vs J/kT. Here C is calculated from C =
=Ny g?uZS(S+1)/3k using S=3% and g, from the ESR
results. The solid line 2 is obtained using the
first ten terms of Baker’s expansion. The best fit
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FIG. 3. Magnetic susceptibility of

[(CHy)3NH]CuCl3°2H,0 parallel to the ¢ axis plotted as
C/XT vs J/kT. The transition temperature corresponds
to J/kT, =1.78. Solid curve (1) is the Curie-Weiss re-
sults with 6 =2J/kT; (2) is the square Heisenberg ferro-
magnet; and (3) is the Heisenberg ferromagnetic chain
(abscissa scaled down by a factor of 2).
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is obtained for J,/k=J,/k=0.28+0.02 K. For com-
parison, curve 1 is the Curie-Weiss law with 6
=22J5(S+1)/3k, which reduces to C/xT=1-2J/kT
for the two-dimensional square lattice, while curve
3 is the Bonner and Fisher® result for a Heisenberg
linear chain with S=3. Note that the abscissa for

the Bonner and Fisher result has been scaled down
by a factor of 2. There is no value of J/k for which

either of these expressions gives as good an over-
all fit as does the two-dimensional square ferro-
magnetic Heisenberg interaction. The b-axis data
are fit equally well using g, = 2. 04 with the same
value of J/k.

The ag-axis data present some difficulty in that,
using the value of g,=2.24 found by ESR, no value
of J/k gives anything resembling a fit to the two-
dimensional high-temperature expansion. If we
make a two-parameter fit letting both g and J/k
vary, we obtain a fit which is comparable to that
obtained for the b and ¢ axes, with g,=2.36+0.02
and J/k=0.28+0.02 K. It is striking that although
there is a discrepancy between the ESR g value and
the high-temperature expansion g, the same J val-
ues are obtained from all three fits.

The susceptibility results above the transition
temperature indicate that trimethylamine copper
chloride behaves as a two-dimensional Heisenberg
ferromagnet. Fitting the results to a square lattice
in which J/£=0.28 K may well be an over-simpli-
fication, since a rectangular lattice with twodiffer-
ent exchange interactions would no doubt be more
realistic. Below T,, the data seem to indicate
that the ferromagnetic sheets are antiferromagnet-
ically ordered. The antiferromagnetic interlayer
interaction may arise from the dipole-dipole inter-
action between adjacent planes or from a very weak
exchange interaction. We will denote this inter-
layer interaction J,, while calling the intralayer
ferromagnetic interaction Jg.

The properties of a layered structure with fer-
romagnetic intralayer exchange and a weaker anti-
ferromagnetic interlayer coupling have been studied
by a number of authors®~!? both theoretically, using
a variety of two sublattice models, and experi-
mentally. The considerable success at fitting x-
vs-T curves with such models led us to try a sim-
ple molecular-field calculation similar to that of
Berger and Friedberg.!? Using such a model we
were unable to fit the data at high 7 and at the
same time obtain meaningful results below T,.

From measurements made on several systems,
deJongh et al.'® have drawn a series of empirical
conclusions concerning the magnetic properties of
such structures. They observe that on both sides
of T, x drops steeply. Above T, the steep fall
occurs because X is mainly that of the two-dimen-
sional ferromagnetic layer, and the effect of J, ¢
is simply to shift 7, upward in temperature from
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the value determined by Jr. They also deduce

that for the two-dimensional ferromagnetic square
Heisenberg lattice #7,/Jr =~0.44, where T, is the
temperature at which x diverges. Inserting Jg/k
=0.28 K into this expression, we obtain 7,=0.12
K. Thus we observe an upward shift in the value
of T, of approximately 25% due to the weak antifer-
romagnetic interaction between layers. This is in
agreement with deJongh’s result for (C,H;NH,),CuCl,.
For the same compound they find a large value of
the maximum parallel susceptibility, namely
XmaxT/C =~ 85, whereas for a normal antiferro-
‘magnetic XpgT./C<1. We obtain Xu,T./C =5,
which is considerably less than their value, but
still well above normal and thus is in agreement
with large anisotropy in the magnitude of the ex-
change.

As noted above, the susceptibility in the @ direc-
tion, which we would like to associate with y,, has
a nonzero value as T—0. Such behavior could be
due to canting of spins on inequivalent ions. Our
spin-resonance results show there are two inequiva-
lent g-tensor orientations for the copper ion sites.
Silvera et al. have shown that two anisotropic g
tensors tilted with respect to each other are suf-
ficient to produce considerable canting of the spins
on the inequivalent sites, even with isotropic ex-
change. For our case we find the g-tensor rota-
tional inequivalence would be sufficient to produce
approximately 3° of canting away from the a axis.
Thus we conclude that canting of spins on inequiva-
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lent sites probably explains the nonzero value of
Xs as T—0.

For a simple antiferromagnet, one would expect
little temperature dependence of x, below 7, where-
as X, and x, fall quite steeply below 7,. Although
our data show strong temperature dependence,.
we can obtain some estimate of J, if we assume
that the large value of X, just below 7, is a prop-
erty of the ferromagnetic layers, and use the
value of x, extrapolated to 7=0 in the molecular-
field expression for x, given by

X1 =NgugS/2H \ ¢ =Ng2#§/22JAF .

Doing this and assuming z =2, we obtain J,z/k
=-0.023 K.

CONCLUSION

The susceptibility of [(CH,);NH]CuCl » 2H,O has
been shown to display the properties of a two-di-
mensional ferromagnet above 7,=0.157 K, while
below T, it exhibits behavior characteristic of anti-
ferromagnetic coupling between the ferromagnetic
layers.
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