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We have studied by inelastic neutron scattering the magnetic excitations of CoCl, layers inter-
calated in graphite. At 4.5 K the stage-2 compound exhibits ferromagnetic xy-type interactions
within the Co?* sheets, which are weakly antiferromagnetically coupled along the hexagonal ¢

axis.

The magnon dispersion curve was measured for spin waves propagating within the basal
planes up to the first powder-average Brillouin zone.

At small wave vectors, a splitting of the

branch occurs, indicative of weak interplanar coupling. A fit to the measured excitation energies
yields exchange and anisotropy parameters which are in good agreement with susceptibility data.

Pristine cobalt dichloride, CoCl,, exhibits a layer-type
magnetic structure which approximates a two-dimen-
sional (2D) xy spin system at low temperatures with weak
antiferromagnetic coupling between the Co?* sheets.'
Complete trilayer units of Cl "-Co?*-Cl ™ can also be in-
serted between graphite basal planes with essentially no
structural alteration of the ionic bond lengths.? This in-
tercalation process effectively reduces the ratio of the
inter- to the intraplanar interaction from 10 ~! in pristine
CoCl; to about 10 ™3 in stage 2 (=two graphite basal
planes between any consecutive CoCl, trilayers) intercala-
tion compounds.?® There has been much recent interest in
the study of these CoCl,-graphite intercalation com-
pounds (CoCl,-GIC’s) since it was suggested that a
Kosterlitz-Thouless—type phase may exist at low tempera-
tures.*> We are reporting here the first study of spin exci-
tations in any of the transition-metal dichloride intercala-
tion compounds.

The stage-2 CoCl,-GIC has been particularly well
characterized by previous susceptibility and elastic neu-
tron scattering experiments.>%7 The main results shall be
briefly summarized here to the extent that they pertain to
the present experiment. The structure of the compound is
schematically shown in the inset of Fig. 1. The triangular
CoCl, sublattice is translationally incommensurate with
respect to the graphite basal planes, but locked into a 30°
orientation relative to the graphite [100] axis. Unlike
pristine CoCl,, intercalated CoCl, forms coherent islands
between the graphite planes of roughly 800-A diameter.
Careful Hendricks-Teller analysis’ of the (00/) nuclear
Bragg reflections indicated that the nominal stage-2 sam-
ple used in this experiment is actually composed of a num-
ber of stage fractions with fractional weights of 5.5%,
70%, 14%, 8%, and 2.5% for the stages 1, 2, 3, 4, and 5,
respectively.

Susceptibility as well as magnetic neutron scattering
confirmed that the magnetic ordering process proceeds in
two steps.®” At T, =9.5 K in-plane ferromagnetic order-
ing of the Co2* jons occurs with the spins oriented paral-
lel to the planes, and at 7, =8.5 K the adjacent Co?*
planes couple weakly antiferromagnetically. A recent
line-shape analysis® of the ferromagnetic neutron scatter-
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ing could not provide evidence for the existence of a
Kosterlitz-Thouless vortex state in the intermediate tem-
perature range between 7T, and 7,. Nevertheless, the
magnetic excitations might be expected to resemble those
of a 2D xy spin system to a better extent than in pristine
CoCl,.

The present system can be described by the effective
spin-+ Hamiltonian:®
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FIG. 1. Partial plane of the reciprocal lattice of CoCl,-GIC.
Full dots indicate nuclear reciprocal-lattice points, open circles
antiferromagnetic reciprocal-lattice points. a* refers to the
CoCl, in-plane reciprocal-lattice vector and c¢* to the
reciprocal-lattice direction normal to the graphite and inter-
calate planes. The Co(100) and G(100) reciprocal-lattice
points of the CoCl, and graphite lattice, respectively, are in fact
reciprocal-lattice rods due to the lack of correlation along the ¢
axis. The heavy line indicates the direction along which the
magnetic excitations have been measured. The inset shows the
crystal structure of the stage-2 CoCl,-graphite intercalation
compound. (a) Edge-on view of the layers: The metal Co?*
ions are indicated by closed circles, Cl1~ by open circles, and
graphite layers by solid lines. Arrows indicate the @ and c axis.
(b) The structure in a perspective view.
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Here J is the in-plane ferromagnetic exchange coupling,
J'is the interplanar antiferromagnetic coupling, and J 4 is
the anisotropy exchange interaction. The first two sums
extend over nearest neighbors within the same Co?*
plane, and the last sum is over nearest neighbors in adja-
cent layers. Values for the exchange constants as deter-
mined by magnetization measurements’ are listed in
Table 1.

The sample preparation has been described in detail
elsewhere.” It should only be noted here that about 40-50
intercalated single-crystal Kish graphite crystallites were
assembled to give a crystal texture similar to pyrolytic
graphite with a c-axis mosaic spread of about 10° and
random orientation of the @ and b axis.

The inelastic neutron scattering measurements were
carried out on the triple-axis spectrometers H7 of the
Brookhaven National Laboratory High-Flux Reactor.
Pyrolytic graphite was used as monochrometer and
analyzer and the collimation was either 40'-20'-20'-40’ or
40'-20'-40'-40'. Most data were collected at 4.5 K with
final energy fixed at 14.7 and a pyrolytic graphite filter in
the scattered beam. Spin excitations at ¢ < 0.1 (47/v/3a)
were measured at the cold neutron source on spectrometer
H9 with a fixed final energy of 4.0 meV. In Fig. 1, a par-
tial plane of the reciprocal lattice of stage-2 CoCl,-GIC
is shown. The heavy line indicates the direction along
which the spin-wave energies have been measured. Figure
2 displays typical scans at (0.36, 0, 0.5) and (0.035,0,0.5)
in units of 47/~/3a and 2n/c, respectively, where a =3.55
A is the CoCl, in-plane lattice parameter and ¢ =12.65 A
is the c-axis repeat distance of the stage-2 CoCl,-GIC.
In Fig. 2(a) is also shown a high-temperature scan at 20
K, which clearly demonstrates that the excitations seen at
4.5 K are of magnetic nature. The complete dispersion is
shown in Fig. 3. Other measurements along gllc showed
that the frequency of the excitations was independent of c,
which is consistent with the two-dimensional nature of the
system. It should be noted that because of the in-plane
powder average the Brillouin zone indicated at
g =0.5 (47//3a) is not very well defined. At small g
values a splitting of the dispersion is observed indicating
the presence of interplanar coupling. Because of the rath-
er large mosaic of the sample, it was not possible to follow

TABLE 1. Parameters of the spin Hamiltonian for stage
CoCl,~-GIC’s determined from susceptibility (Ref. 3) and from
present magnetic excitation measurements. For comparison in
the last column the corresponding values for pristine CoCl; are
reproduced from the work of Hutchings (Ref. 1).

Stage-2 CoCl,-GIC Pristine CoCl,

Susceptibility? Spin waves Spin waves®
J 31.0 K 146+t2 K 28.5 K
JalJ 0.48 0.50 0.56
J'NJ 8.6x10~* 2.5x10 72 7.5%10 7?2

aReference 3. Notice that due to different definition of the
Hamiltonian in Eq. (4) as compared to Eq. (16) in Ref. 3, J is
multiplied by factor of 4.

PReference 1.
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FIG. 2. Spin-wave intensity profiles. (a) Profile at (0.36,
0,0.5) measured at thermal-neutron source (H7) with fixed final
energy of 14.7 meV and 40'-20'-20'-40’ collimation. (b) Profile
at (0.035,0,0.5) measured at cold neutron source (H9) with
fixed final energy of 4.0 meV and 60'-40'-60'-40'-40" collima-
tion.

the dispersion for ¢ <0.05. The full line in Fig. 3
represents a fit to the measured spin excitations which is
described below. For comparison, in Fig. 3 is also repro-
duced the spin dispersion of pristine CoCl, according to
the work of Hutchings.'

According to Hutchings,! the spin excitations in CoCl,
in zero magnetic field at a point g relative to a magnetic
Bragg point G,, are given by

E\2(q)=SlG@I—J,£z'J'+J})
x(@J=Jg+z' T F I +zJ)172 ()
with

z X z' .,
Jg=J Y &V =Y e 3

i=1 i=]

Here S(= %) is the effective spin, z(=6) is the number
of nearest-neighbor spins in the same layer, and z'(=2) is
the number of nearest neighbors in adjacent planes. For



RAPID COMMUNICATIONS

7294

Spin-wave energy (meV)

/

1 1 1 | |
Ol 02 03 04 05 06
d, (units of 47/(v/3 a))

FIG. 3. Spin-wave energy dispersion in CoCl,-GIC at 4.5 K.
The solid lines are calculated spin-wave energies according to
Egs. (5) and (6). The dashed line indicates the spin-waves
dispersion of pristine CoCl; as measured by Hutchings (Ref. 1).

the in-plane interaction a 2D powder average has to be
taken:

6 .
(Jg) =J< 3 e "> =6JJo(gry) , 4)

i=]

where |r;| =r; are the in-plane nearest-neighbor dis-
tances, and Jo is the zero-order Bessel function. Since
qu-ri=0 in the present scattering geometry, the terms
containing the out-of-plane interaction reduce to
[z'J'=Jg)=0 and (z'J'+J;)=4J'. We then obtain,
for the spin-wave energies,

E (g)=6JS|[1—Jo(gri]*+

Ja , 2 J'
.__+_.._
73 J]
2
774 1Y
J2

x[1 —Jo(qr||)]+%

H. ZABEL AND S. M. SHAPIRO

and
E(q)=6J5 | [1 —Jo(gr)]?

Ja 20
J 37

+

1/2
[1 —Jo(qru)]} . 6)

The last term in E(g) is independent of g and describes
the gap observed at g— 0, whose size depends on the
interplanar interaction and the single-ion anisotropy ex-
change interaction. A satisfactory fit to the measured spin
dispersion has been obtained with the coupling parameters
listed in Table I. Those parametrs agree reasonably well
with the values obtained from the susceptibility measure-
ments. The exact value for J'/J depends sensitively on the
gap size, which could not be experimentally determined
with high accuracy. The lower branch shows a linear
dispersion for small ¢’s in good agreement with the as-
sumption of an xy spin system. Because of the experimen-
tal uncertainty as small ¢ values, it is difficult to state
unambiguously whether this branch is gapless at g =0, as
would be the case for an ideal xy system, or rather exhib-
its a small gap reminiscent of a slight in-plane anisotropy.
A marked feature of the experimental dispersion curve is
the waviness which occurs for 0.15 < g < 0.3. The origin
of this feature is not clear and is not reproduced by the
present fit.

In conclusion, we have measured for the first time the
spin-wave energies of any magnetic ions intercalated in
graphite. In this intercalation compound, the CoCl, lay-
ers are separated on the average by two graphite basal
planes. The experimental dispersion, determined at 4.5 K,
conforms to a 2D xy ferromagnetic spin system with weak
antiferromagnetic interplanar coupling. The interaction
parameters obtained from a fit to the dispersion agree
reasonably well with those from magnetization measure-
ments, except for J' which is very dependent upon the
value of the energy of the lower branch at ¢ =0. It would
be of considerable interest to study the temperature varia-
tion of the spin dynamics, in particular, close to the upper
transition temperature at 7, =9.5 K, where one might ex-
pect a central peak from diffusive xy fluctuations. These
experiments are currently in progress.
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