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The magnetic properties are studied of two-layered compounds, of NiCl, imbedded in graphite and
of (CH;NH;),CuCl, at temperatures above that for the transition to the magnetic-ordered state. For
both compounds an exchange ferromagnetic interaction between the magnetic ions in the layers is
observed which exceeds by several orders of magnitude the interaction between adjacent layers. It is
shown that at low temperatures the magnetization curves may be described by the spin-wave theory.
In this case two magnons with approximately equal wave-vector values form bound states. The
binding energy of such states is determined from the experimental data.

The physical properties of one-dimensional and two-
dimensional magnetic systems differ considerably from
the properties of ordinary three-dimensional magnets.
Such systems have a large number of peculiarities, many
of which are connected with the anomalously large influ-
ence of the short-range order. In three-dimensional
magnets, short-range order is observed in a narrow
temperature interval near the phase-transition point.

On the other hand, in one-dimensional and two-dimen-
sional magnets the transition to the magnetically-ordered
state is frequently observed at temperature much lower
than zJ/k, where J is the exchange integral and z is the
number of neighbors. Therefore in a sufficiently broad
temperature interval, from the transition temperature
up to zJ/k, a short-range order should be observed in
such magnets, so that the motion of the neighboring spins
is correlated, whereas at sufficiently large distances
there is no such correlation. The present paper is devo-
ted to an investigation of this state of magnets.

A large number of recently reported compounds can
be regarded in first-order approximation as one-dimen-
sional and two-dimensional magnets. These include two
classes of layered compounds, in which the magnetic
ions are coupled by ferromagnetic interaction. The first
class consists of complex compounds of copper chloride,
with a common formula (C,Hgp,, , {NH3)9CuCly, where

n=1, 2, ..., 10. The divalent copper ions are arranged

in the form of flat layers'!], between which the relatively
long organic molecules are located. In each layer, the
copper ions are connected with chlorine bridges and
form an almost regular quadratic lattice. Exchange
ferromagnetic interaction is observed between the neigh-
boring magnetic ions within each la.yerEz 31, The mag-
nitude of this interaction is approximately the same for
all the investigated compounds, and amounts to J/k

~ 20°K. At the same time, antiferromagnetic interaction
is observed between neighboring layerst*l., The magni-
tude of the interaction depends strongly on the organic
molecules with which the complex copper-chloride com-
pounds are formed, but for this entire class of compounds
the ferromagnetic interaction inside the layer is larger
by several orders of magnitude than the antiferromag-
netic interaction between layers. Owing to this interac-
tion, compounds of this class go over at sufficiently long
temperatures into the magnetically ordered state. Above
the phase-transition point, however, the magnetic proper-
ties of these compounds can be described by the Heisen-
berg two-dimensional model with isotropic exchange in-
teraction, while at low temperatures it is necessary to
take into account also the weak interaction between
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layerst?™], The second class of two-dimensional ferro-
magnets consists of layered compounds of graphite with
transition-metal chlorides, in which single layers of the
chlorides are separated by either one or several layers
of graphite. The interaction between the magnetic ions
of neighboring layers separated by one layer of graphite
decreases in magnitude, but retains the same signEs’sj.
In compounds in which the paramagnetic layers are
separated by two or more graphite layers, it was im-
possible to observe magnetic interaction between them.
The properties of the compounds of graphite with FeCl;
and FeCl; agree with the Ising two-dimensional model,
while the compounds with NiCl; and CoCl, can be des-
cribed in first order by the Heisenberg modell?>%],

We have investigated two compounds pertaining to
different classes of two-dimensional ferromagnets. The
complex compound of copper chloride with
(CH3NH;).CuCl4 has a face-centered rhombic unit cell
with parameters ao = 7.30 &, bo = 7.54 A, and ¢,
= 18.55 A[Y], The copper ions in layers parallel to the
ab plane are coupled by exchange ferromagnetic inter-
action with J/k = 19.2° K, while the interaction between
two ions of neighboring layers is weaker by approxi-
mately four orders of magnitude‘“?”. We investigated
single-crystal samples in the form of square plates
measuring 2.5 X 2.5 x 0.3 mm, as well as spherical sam-
ples made up of such plates, with approximate diameter
2 mm. The crystals were grown from a solution of this
compound in ethyl alcohol by the method of evaporation
at an approximate temperature 50°C.

We investigated also the magnetic properties of a

* layered compound of graphite with NiCl;. The nickel
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FIG. 1. Temperature dependence of the reciprocal susceptibility of a
compound of NiCl, with graphite (per g-mole of NiCl,) in a direction
parallel to the layers.
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chloride forms with graphite only a compound of degree
II, in which the chloride layers are separated by two
graphite layers. We investigated both polycrystalline
samples with large chloride content (up to 509 by
weight), and samples obtained by penetration of nickel
chloride into oriented pyrolytic graphite. In the latter
case, the chloride content in the sample was approxim-
ately 29, by weight. The investigated samples were
spherical, of 3 mm diameter. The arrangement of the
magnetic ions in the layer is not known for this com-
pound, but by analogy with the investigated compounds of
FeCls and MoClst®’1% it can be assumed that the struc-

ture of the single layer in NiCl; and in its compound with

graphite is the same. The Ni* ions form a flat hexagonal
lattice (z = 6) and the distances between them are 3.84 A.

RESULTS

The magnetic susceptibility in a zero external field
was measured by a bridge method at 175 Hz, and the am-
amplitude of the magnetic field at the sample did not ex-
ceed 2 Oe. At these values of the field, the susceptibility
is independent of the magnitudes of the field and can be
regarded as the limiting value as H — 0. The sample
temperature was measured with a thermocouple consist-
ing of Au + 0.07 at.9, Fe paired with Cul''J, one junction
of which was in thermal contact with the sample and the
other was immersed in liquid helium. The magnetization
curves were plotted by a ballistic method, and fields
from 0.5 to 60 kOe were produced by a superconducting
solenoid. It is difficult to obtain controllable fields lower
than 500 Oe with such a solenoid, in view of the residual
fields produced under these conditions and due to the
frozen-in flux, and the magnetic field is not a single-
valued function of the current through the solenoid. Weak
fields were therefore produced with a copper solenoid.
The sample temperature was measured with an analogous
thermocouple.

Figure 1 shows the temperature dependence of the
magnetic susceptibility of a compound of NiCl: with
graphite. At temperatures above 50° K, the susceptibility
is isotropic, but actual anisotropy sets in at lower tem-
peratures and the susceptibility parallel to the layers
exceeds the susceptibility in the perpendicular direction.
The anisotropy increases with decreasing temperature,
so that at the critical temperature T, = 18.1°K, corre-
sponding to the maximum of the susceptibility, the values
of x, and x, differ by approximately one order of mag-
nitude. For a polycrystalline sample, the molar suscep-
tibility (per g-mole NiCl;) in the entire temperature
interval (18.1—300°K) is equal to the average value of
the paramagnetic susceptibilities for the oriented sam-
ple: x = (x, +2x “)/3. The temperature of the transition
to the magnetically-ordered state (T, = 18.1°K) is also
the same for both investigated samples. Thus, the mag-
netic properties of the compound of NiCl, with graphite
did not depend on the amount of the penetrated NiCl, and
are determined completely by the magnetic interaction
of the Ni* ions inside the layer.

In the temperature region 110—270°K, the variation
of the susceptibility can be described by the Curie-Weiss
law with ® =75 + 5°. It should be noted that ® = 70° for
pure NiCL.'®], This confirms the previously advanced .
hypothesis that the chloride layer has the same structure
in pure NiCl; as in its compounds with graphite. Knowing
®., we can determine the exchange integral with the
nearest neighbors. In accordance with the molecular-
field theory, we have
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J/k=30/228(S+ 1), (1)

whence J/k = 9.4° K. The magnetic susceptibility of the
compound (CHsNH;).CuCly, was measured earliert?],
From an analysis of the temperature dependence of the
susceptibility at T > T, using high-temperature expan-
sion, yielded the value J/k = 19.2°.

At sufficiently high temperatures, the magnetic mo-
ment of either investigated compound increases linearly
with the increasing magnetic field. At low temperatures,
however, the linear dependence is preserved only in
weak fields, while in strong fields the dependence of the
moment on the field is close to logarithmic. Figures 2
and 3 show the corresponding curves. Curve 1 of Fig. 3
was plotted in the magnetically order state at T < Te-
The antiferromagnetic state is destroyed in very weak
fields, so that at H > 100 Oe the interaction between the
layers can be neglected in first order. It should also be
noted that according to our measurements the compound
(CH3NH;).CuCl, goes over into the magnetically ordered
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FIG. 2. Plots of the relative magnetization against the field for the
compound of NiCl, with graphite at different temperatures: a) curve 1—
18.1,2-19.5, 3—21.0°K, magnetic field applied parallel to the layers;
b) curve 1—18.1, 2—21.0°K, field perpendicular to the layers; circles—
experimental results, the curves are drawn in accordance with formula

3).
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FIG. 3. Dependence of the relative magnetization on the field for the
;ompound (CH3NH3), CuCl, at different temperatures (1-6.11, 2—8.61,
3-11.0,4—11.35°K), magnetic field applied parallel to the layers;
circles—experimental results, dashed curves—plots of (9) and (10), J/k =
14.5°K; solid lines—plots of (13) and (14) values of J/k given in Fig. 4,
a = 80.

Yu. S. Karimov 130



state at T, = 8.49° K, whereas the susceptibility reaches
a maximum at 8.91°KL?), This discrepancy can be due
to the fact that first, different thermometers were used,
and second, the transition temperature was determined
by different methods. In our experiments we determined
T by plotting M(T) in an external field from 1 to 30 Oe.
For each value of the field we determined the tempera-
ture above which the magnetic moment decreased. The
sequence of temperatures obtained in this manner was
extrapolated to zero external field, and the obtained value
was taken to be the transition temperature.

The anisotropy of the magnetic properties of the in-
vestigated compounds can be described by introducing a
demagnetizing field. The distances between the magnetic
ions within the layer are much smaller than the distances
between layers, so that layered compounds can be regar-
ded as sets of plane-parallel magnetic plates. The de-
magnetizing factors of a thin plate are equal to zero and
47 for parallel and perpendicular fields, respectively. If
the field is parallel to the plane of the plate, then the
internal field coincides with the external one, but if it is
perpendicular to the plane, then the internal field is
smaller than the external one by an amount 47m, where
m is the density of the magnetic moment. For a single
layer of magnetic ions, it is meaningless to introduce
the density of the magnetic moments, and it is simpler
to introduce the demagnetizing field Hy. We shall as-
sume that the field inside and outside the layer are equal
for parallel orientation, and in the perpendicular direc-
tion the internal field is H — (M/Mo)H-

Such an assumption is well confirmed experimentally.
For a layered compound of graphite with NiCl;, the mag-
netization curves were plotted at equal temperatures
and different orientations of the magnetic field (Fig. 2).
Assume that at a definite temperature the dependence of
the moment on the field applied in the plane of the layer
is given by a certain function:

M, (H) = j(H). @)

Then, for the same temperature, the dependence of the
moment in the perpendicular direction should be ex-
pressed by the same function but with a different value of
the argument:

M

M, H‘) )

The curves in Fig. 2b were plotted in accordance with
formula (3), the function f(H) is specified in Fig. 2a, and
Hy was chosen equal to 1.20 kOe. A similar reduction of
the data for (CHsNH3).CuCl, shows that in this case, too,
the anisotropy of the magnetic properties at tempera-
tures above T; can be described by a demagnetizing field
Hy = 0.82 kOe. In this case, however, the agreement be-
tween the calculated magnetization curve and the experi-
mentally observed one is somewhat worse, particularly
at low values of the moment. The possible reason is that
the magnetic layers are separated here much less than
in the compound of NiCl; with graphite.

M, (H)=1 (H - 3)

DISCUSSION

As follows from Fig. 1, for two-dimensional ferro-
magnets, short-range order is observed in a wide range
of temperatures, from T = T, all the way to T = ®. The
range is from 18.1 to 70°K for the compound of NiCl,
with graphite, and from 8 to 35° K for (CH3;NH;),CuCl,.
Indeed, the thermal-motion energy becomes comparable
with the energy that binds the individual magnetic ion
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with its own neighbors at T = @. In three-dimensional
ferromagnets, a phase transition takes place at T = @,
and at T < ® these ferromagnets are in the ordered
state. While no phase transition is observed at T = @ in
two-dimensional systems, the probability of the single-
particle spin excitations decreases rapidly with decreas-
ing temperature, and these excitations can be neglected
at T < ®. The principal excitations that determine the
properties of the system are the spin waves.

A formal application of spin-wave theory to the two-
dimensional case[®*! shows that for any finite tempera-
ture there exists in the system an infinite number of ex-
citations. This extremely important conclusion of
spin-wave theory proves the absence of ordered states
in the two-dimensional Heisenberg model. In order to
obtain with the aid of spin-wave theory concrete results
that can be compared with experiment, it is necessary to
make the following assumptions:

1) A two-dimensional ferromagnet is placed in an ex-
ternal magnetic field H is described by the Heisenberg

Hamiltonian
= — 212 SS; — ngz Se,
6.0, 1

where the first sum extends over all the pairs of nearest
neighbors, S is the spin-moment operator, g is the elec-
tronic g-factor, g is the Bohr magneton, and the direc-
tion of the field H is chosen to be the z axis. The ground-
state energy corresponds to the ferromagnetic case:

)

E, = —NgpSH — NzIS?, (5)

where N is the number of spins per unit area.

2) In the absence of a field, at any temperature
Te < T <@, the number of excited spin waves is equal
to the total spin NS of the system. This allows us to as-
sume that there are no single-particle spin excitations
in the system, and the magnetic moment without the field
is equal to zero.

3) The excited spin waves obey Bose statistics, and
the interaction between them can be initially be disre-
garded.

Taking the foregoing assumptions into account, the
magnetic moment per unit area takes the form

o

]

(6)

where €(q) is the energy of a spin wave with wave vector
q; qoand q, are the limiting momenta that determine the
region of the allowed values of . The maximum momen-
tum ¢, corresponds to the boundary of the first Brillouin
zone, and the minimum momentum q, is obtained from
the condition 2): M(0, T) = 0.

Let the field H be directed parallel to the plane of the
layer and let the sample be located at a sufficiently low
temperature near T.. The energy of a spin wave with
wave vector q in a flat quadratic lattice can be written
in the form

0E, 1
0H  4n?

de(q)/0H dq

MH,T)=- “exple(a)/hT]— 1

e(q) = gBH + 2ISg*a?, Ul

where a is the lattice constant. Substituting (7) in (6)
and neglecting the small terms, we obtain

NgpkT gBH + 2]Sq,*a* gBH + 2JSq*a*
M =NgpS + {1 [ (___.._)_1]__ 1+ 2) };
LGl T el A *T *T
.. KT ( 8nJS* (8)
=55 P\ T T )
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In weak fields gBH/kT < 1 expression (8) becomes
simpler:

NgpkT H kT 8nJS*
M= m(1+—), H=——exp(— ) )
8niS ( g ) P ( kT

In strong fields ggH > 2JSq3a® we have
NgpkT gpH
w (-4 )]

8nJS

Comparison with experiment (Fig. 3) shows that the
magnetization curves calculated from formulas (9) and
(10) agree qualitatively with experiment, and one can
hope that the proposed scheme describes the situation
correctly in principle. The physical meaning of the as-
sumptions made can be explained in the following manner.
We introduce the correlation radius R, defined as

©)

In [.1 —e (10)

kT

n ( ZJS)‘/x ox (/mIS’). (11)

R.= ; =n T
For each point on the plane of a two-dimensional ferro-
magnet there exists a region with radius R, within which
the motion of the spins is correlated, and the pair corre-
lators for all the spins spaced by more than R, apart

are equal to zero. In such a system, the magnons can
have a maximum wavelength 2Rc, and magnons with
longer wavelength have no physical meaning. We note
that magnons with maximum possible wavelength of order
2R, exert the major influence on the thermodynamic
characteristics of the two-dimensional ferromagnet,
since the energy of such excitations is minimal and ap-
proaches the ground state of the ferromagnet.

When the temperature is lowered, the correlation
radius R, increases exponentially (see (11)), and mag-
nons with ever-increasing wavelengths are produced in
the system. However, R, becomes infinite only at T = 0,
and spin waves with q = 0 are possible only at T = 0.
Thus, long-range order appears only at T = 0, and the
system is in the disordered state at any finite tempera-
ture. Real magnets, on the other hand, have finite dimen-
sions, so that at a definite temperature T, the correla-
tion radius becomes comparable with the dimension of
the investigated sample, and a phase transition should
be observed in the system. In the compounds investiga-
ted by us, however, the transition to the magnetically
ordered state occurs at temperatures much higher than
T.. This is caused by the difference between the real
paramagnets and the idealized two-dimensional Heisen-
berg model. In one of them ((CHsNHs).CuCl,), an impor-
tant role is apparently played by weak interaction be-
tween magnetic layers, whereas the phase transition in
the other compound (NiCl, with graphite) is due to the
presence of weak hexagonal anisotropy in the plane of
the layer.

In the derivation of formulas (9) and (10) it was as-
sumed that the spin waves do not interact with one an-
other. The agreement between the calculated magnetiza-
tion curves and those obtained experimentally can be
improved greatly by suitably accounting for this interac-
tion. The behavior of the spin waves in the two-dimen-
sional case differs in principle from the three-dimen-
sional case. In the two-dimensional case, the lower
excited states correspond to bound states of two mag-
nonst**J, which occur at any value of the wave vector q,
whereas in the three-dimensional case there are no
bound states at all at small values of g-****J, The en-
ergy of the bound state of two magnons can be expressed
in general form as follows:
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e(q’,q”) =e(q) +e(q”) —A(q,q", H,T),
where €(q') and €(q”) are the energies of the interacting
magnons and A is the binding energy, which depends not
only on the wave vectors q’ and q” but also on the tem-
perature and on the external magnetic field. The form of
the function A(q’, q”, H, T) is not known for a two-dimen-
sional ferromagnet, but the experimental results can be
described by a relatively simple method. It was neces-
sary for this purpose to assume that the magnons are
excited in a two-dimensional system in pairs, and the
energy of such a pair in a flat quadratic lattice is equal
to

&, = 2gBH + 41Sq*a* — 4alSqa*M | M, (12)

where a is a constant. The first two terms here are
equal to double the energy of a magnon with wave vector
q (7), and the last term is the binding energy. Expres-
sion (12) is apparently a rather crude approximation,
valid only for the lowest-lying energies of the spin
waves with wave vectors near the limiting momentum

q:- This is precisely why the binding energy is propor-
tional to the expression q%a® given in (8). The linear de-
pendence of the binding energy on the magnetic moment
is also understandable, since the interaction of two mag-
nons comes into play when they have close values of q
and propagate in phase with each other over a consider-
able distance R > R,; the relative moment M/M,is a
measure of the coherence length. The meaning of formula
(12) becomes quite clear if it is assumed that bound
states are realized in a two-dimensional ferromagnet for
magnons with equal but opposite wave vectors q and —q.
Such an assumption, however, calls for a theoretical
analysis and for experimental verification.

Taking (12) into account, we obtain for the dependence
of the moment on the temperature and on the external
field

—Ngﬁlen(1+£—ao£), (13)

M=—75 H M,

where H* is determined from (9), and ggH/kT < 1. In
strong fields, when ggH > 20JSq%a’ we have

M= NgpS — g%i%im[i »
_BXP(_T”'

Relations (13) and (14) describe very well the experi-
mental results (Fig. 3). In strong fields, M(H) is a func-
tion of one parameter, the exchange integral J. A de-
tailed comparison of (14) with experiment shows that the
parameter J increases with decreasing temperature
(Fig. 4). Linear extrapolation yields J/k = 18.5 = 1.5°K
at T = 0. The obtained value agrees both with the results
of the study of the magnetic susceptibility of T > T
(J/k = 19.2°K[?)) and with the behavior of the specific

W
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FIG. 4. Temperature dependence of J/k for the compound
(CH;NH;),CuCl,.
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heat at T < T, (J/k = 17.8°K[°7**]). The J(T) relation
obtained by us is perfectly natural, since we used linear
spin-wave theory in the discussion of the results. Allow-
ance for the nonlinear corrections leads to a renormal-
ization of the spin-wave spectrum and to the dependence
of their energy on the temperature "%, In purely
formal fashion this is described by a decrease of the ex-
change integral, when the energy of the spin waves be-
comes comparable with the exchange energy.

For a layered compound of NiCl, with graphite, the
energy of the two bound magnons can be expressed in

the form
€, = 2gBH + 6JSq*a* — 6alSq.2a*M | M, (15)

and the dependence of the moment on the field and on
the temperature in weak fields, at gBH/kT < 1, takes
the form

=%m(1+2_{’—a%)‘ (16)
where
el )
and in strong fields gH > 3aJSq%a® we get
M=ngS—73’2]4V:%‘T1n[1—exp(—zlf—;]1)]. 17)

Relations (16) and (17) describe well the magnetization
curves shown in Fig. 2a, the value of the exchange in-
tegral in this case is J/k = 4.0°K, and a = 85. We call
attention to a difference, by more than a factor of 2,
between this exchange integral and the value J/k = 9.4°K
obtained from the temperature dependence of the sus-
ceptibility at T > T,. One of the possible causes of such
a behavior may be the noticeable exchange interaction of
the nickel ions with the neighbors from the second coor-
dination sphere.
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In conclusion, I am deeply grateful to A. S. Borovik-
Romanov for a useful discussion of the results and to
Yu. N. Novikov for supplying the samples of the NiCl.
compound with graphite.
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