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Ordering in quasi-two-dimensional planar ferromagnets: A neutron scattering study
of graphite intercalation compounds
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The magnetic ordering of stage-2 CoC12- and NiC12-graphite intercalation compounds (GIC's)
has been investigated by neutron diffraction. Both of these compounds are observed to undergo a
two-step ordering process. For temperatures within the range T~ & T & T„purely two-dimensional
(2D) spin correlations are observed, while at temperatures below TI ferromagnetically aligned
planes couple weakly with an average antiferromagnetic interplanar correlation. No three-
dimensional long-range magnetic order is observed even at the lowest temperatures attained. The
absence of fine structure in scans along (h, k, I) with fixed h and k indicates that successive inter-
calate layers are translationally uncorrelated from each other. The in-plane peaks of CoC12-GIC
appear to have a shape characteristic of long-range spin order below TI. However, the structure
factor expected for a finite-sized bound vortex phase cannot at present be discounted for CoC12-
GIC. A similar scan at TI & T & T„ is likewise inconclusive concerning the existence of the bound
vortex phase of coplanar spins in the intermediate temperature regime.

I. INTRODUCTION

Magnetic graphite intercalation compounds (GIC's)
afford an excellent system for studying the relationship
between dimensionality and magnetism. In these com-
pounds, magnetic materials form sheets (the intercalate
layer) separated periodically by a number (the stage
number) of graphite layers in stacks along the c axis. By
increasing the stage number, one should approach ideal
two-dimensional (2D) magnetic behavior, and by varying
the intercalant species, different types of magnetic in-
teractions may be obtained. Thus magnetic GIC's can
be instrumental in the investigation of 2D-3D crossover
behavior for a wide variety of materials.

CoC12- and NiC12-GIC's, in particular, have attracted
a great deal of attention as close approximations to a 2D
planar (XY) ferromagnetic spin system. (For recent re-
views, see Refs. 1 —4.) Such a system is one of a class of
2D systems having a two-component order parameter,
whose critical behavior was first elucidated by Kosterlitz
and Thouless ' and expanded by Jose et al. and
Huber. While it has been rigorously proven that
long-range order in these systems does not exist at any
temperature T~ 0, there do exist transitions in which the
susceptibility and correlation length diverge. These
transitions, referred to generally as Kosterlitz-Thouless
(KT) transitions, are closely associated with the unbind-
ing of topological defects as the temperature is raised
above a critical temperature TKT.

In the case of a 2D XY spin system, these topological
defects are spin vortices, which bind together to form
vortex pairs of zero net circulation as the system is
cooled through TKT. Below TKT the spin-spin correla-
tion function g (r;j ) behaves asymptotically at large r,z as
a power law,

g(r,, )=(S, S, ) r,, -
instead of the conventional decaying exponential.
Fourier-transforming this on a periodic lattice leads to a
cusp-shaped structure factor below TKT instead of the
usual 5-function Bragg peaks,

SQ o- d r g r exp i .r — —6 +"

where Gr is a reciprocal-lattice vector. As T approaches
TKT from above, the correlation length g diverges faster
than the usual power law of the reduced temperature
t =(T —TKT ) /TKT. This leads to an exponentially
dependent bulk susceptibility,

Xo-g "-exp[(2—g)bt ' ],
where 6 =1.5 and g is a temperature-dependent critical
exponent with a value —,

' at TKT.
Kosterlitz-Thouless transitions have been observed in

an increasing number of physical systems, including
liquid-crystal films, ' superfluid films of He, " and pla-
nar arrays of Josephson junctions. ' There is also some
evidence now for vortex-type excitations in quasi-2D XY
spin systems. In particular, critical scattering of
K2CuF4 has been found' to be consistent with a KT-
type transition slightly modified by 3D interactions.
Furthermore, low-q spin waves in KzCuF4 (Ref. 14),
BaNiz(PO4)z, and BaCoz(As04)z (Ref. 15) reflect the
jump in the spin stiffness constant at TKT predicted by
theory, ' and there is some indication' of the unbind-
ing of vortices above TKT reflected in the quasielastic
neutron scattering of BaCoz(As04)z.

Measurements of the magnetic susceptibility' ' and
specific heat' ' ' of NiClz- and CoC12-GIC's have sug-
gested a two-step ordering process for each with transi-
tion temperatures T~ and T„of 8.0 and 9.1 K for
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CoClz-GIC and 18.1 and 21.3 K for NiClz-GIC. Both of
the pristine compounds CoCI~ and NiClz are themselves
layered compounds, which exhibit antiferromagnetic
(AF) ordering between the spins in adjacent layers.
It has been suggested ' that the low-temperature
phases (T & T~) of CoClz- and NiClz-GIC's are likewise
phases of long-range AF order along the c axis, and that
the intermediate-temperature region (Tl & T & T„) might
correspond to the 2D bound vortex phase. While pre-
liminary neutron scattering ' has found AF interpla-
nar correlations below TI for stage-2 CoClz-GIC, the
need has arisen for a more detailed study to elucidate
the nature of the two-step ordering. In this paper we
present the results of such a study by elastic neutron
scattering, which follows as an elaboration of our earlier
work.

II. PHYSICAL PROPERTIES OF MClq-GIC's

into small domains or islands of roughly 100—200 A di-
ameter. Much previous work has focused on the role of
Clz or complexing halides in the intercalation process.
It is thought ' that excess chlorine accumulates along
the perimeter of each island and provides sites for
charge transfer between the intercalate and graphite lay-
ers. Small-angle scattering and diffraction-linewidth

0
measurements have suggested 150-A islands in NiClz-
GIC. The CoClz-GIC islands have been reported as
150—170 A in diameter, or as ellipsoids of mean di-
mensions 100&500 A .

Since the MClz and graphite sublattices are incom-
mensurate, diffraction scans can be indexed relative to
the in-plane axes of either sublattice. In this paper we
will adopt the notation of specifying an index relative to
the metal chloride by a "Co" or "Ni" before the Miller
indices (h, k, l), and one relative to the graphite host by a
ccG

A. Crystal structure B. Magnetic structure
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The intercalate layer of MClz-GIC (where M=Co or
Ni) consists of a three-layer sandwich of Cl-M-Cl layers
with approximately the same layered structure as the
pristine metal chloride MCI& (see Fig. 1). ' The c-axis
repeat distance for the stage-2 graphite intercalation
compounds is measured by neutron diffraction to be
12.70 A for CoClz-GIC and 12.78 A for NiClz-GIC,
with the distance between successive graphite layers ap-

0

proximately the same as in pristine graphite, 3.35 A.
The intercalate layers form triangular lattices which

are translationally incommensurate with the graphite
host, but are rotationally locked with respect to it.
Electron-diffraction patterns have shown that the a axis
of the intercalate layer is rotated with respect to the
graphite a axis by an angle of 30' in CoClz-GIC (Ref. 26)
and by 0 in NiC1z-GIC. ' Intercalation appears not to
change the in-plane lattice parameters of either the inter-
calant or the graphite substantially. We have measured
the lattice constants of stage-2 CoClz-GIC and NiClz-
GIC to be 3.56+0.01 and 3.46+0.01 A, respectively,
versus 3.553 (Ref. 24) and 3.465 A (Ref. 25) in the pris-
tine metal chlorides.

The intercalate layers have been found to break up

where the first two sums extend over nearest neighbors
within the intercalate plane, and the last sum is over
nearest neighbors in adjoining layers. The constants J,
J', and Jz are the intraplanar, interplanar, and anisotro-
py exchange interactions, respectively. These exchange
constants have been determined by magnetization mea-
surements to be J=7.75 K, J'/J = 8 X 10, and
Jz/J=0. 48. The small interplanar interaction makes
CoClz-GIC a good approximation to a 2D spin system,
while the large-anisotropy term leads to pronounced XY
behavior.

A slightly different spin Hamiltonian is commonly em-
ployed in describing NiClz-GIC:

&= —2J g S,'S, +D g(S,')'+2J' g S, .S
(i, m )

(5)

Magnetism in CoC1z- and NiClz-GIC's is presumed to
originate from localized moments on the metal ions
within the intercalate layers. We assume that their mag-
netic behavior is analogous to that of the pristine metal
chlorides, discussed in detail by Lines. Free ions of
Co + and Ni + have spin and orbital angular momen-
tum (S,L) of ( —,', 3) and (1,3), respectively. The com-
bined effect of the crystal field and spin-orbit coupling
within these compounds quenches the orbital momentum
of NiClz-GIC and, for CoClz-GIC, leads to a ground-
state Kramers doublet which can be mapped onto a sys-
tem with I.=O, S = —,'. The spin Hamiltonian appropri-
ate for CoClz-GIC can be written in terms of the ficti-
tious spins of magnitude —,

' as

&=—2J g S;.S~. +2Jg g S;Sf +2J' g S; SA I g i m

FIG. 1. The crystal structure of stage-2 MCl&-GIC (M=Co
or Ni). Metal ions are indicated by solid circles, Cl by open
circles, and graphite layers by solid lines. The c and a axes are
as shown in the left-hand panel.

where D is the single-ion anisotropy term. Magnetiza-
tion measurements yield J=8.75 K (Ref. 20), while the
XY anisotropy is much smaller than in CoC1&-GIC, with
D probably on the same order as that in pristine NiClz,
0.80 K. Because of its reduced anisotropy, NiClz-GIC
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is expected to be less likely to exhibit the spin vortex
phase than CoC12-GIC.

III. EXPERIMENT

The samples used in the neutron-diffraction measure-
ments were prepared by vapor reaction of single crystals
of Kish graphite with the powdered anhydrous metal
chloride in a Clz atmosphere of 740 Torr. Intercalation
was continued for 3—6 weeks at 560 C. Weight-uptake
measurements and x-ray diffraction along (0,0, l) were
used to check stage fidelity.

In order to obtain large enough samples to collect ap-
preciable intensity, from 20 to 40 of the small Kish-
graphite-based samples were arranged together on a thin
Al foil. The resulting crystal texture was similar to that
of pyrolytic graphite, with random in-plane orientation
and a c-axis mosaic spread of about 7. A somewhat
larger sample with a mosaic spread of 10 was employed
for the higher-resolution in-plane measurements of
CoC12-GIC.

Most of the neutron-diffraction study was carried out
at the Oak Ridge National Laboratory High Flux Iso-
tope Reactor on a triple-axis spectrometer set for zero
energy transfer. An incident-neutron wavelength of 2.35
A was used with a pyrolytic-graphite filter to eliminate
higher-order rejections from the monochromator. The
(0,0, 1) scan of CoClz-GIC presented in Fig. 2 was taken
at Brookhaven National Laboratory on beam line H-4.
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IV. NEUTRON SCA'I lERING

f&(R; —RJ )=b g b;b~(exp[ —iQ (u; —u, )]), (7)

b;, R;, and u; being the scattering length, mean atomic
position, and deviation at site i.

The magnetic scattering cross section is of similar
form, '

(Q) = [("o)' )~&]
l f (Q) I

&& pe ' ' g~(R; —RJ), (&)
I,J

where ro ——e /mc is the classical electron radius, y is
the neutron gyromagnetic ratio, f (Q) is the magnetic
form factor, and

gq(R; —RJ)= g 6 p-
a,P

Q Qp
Q2 ' 1

The coherent elastic scattering cross section for
thermal neutrons is directly related to the space Fourier
transform of the nuclear and spin-density distributions in
the scattering medium. For incident and scattered wave
vectors k and k', the nuclear scattering function for un-
polarized neutrons is

2

S„„,(Q)= ge ' ' fq(R, —RJ),
L, J

where Q =k —k', b is the average scattering length, and

FICx. 2. (a) Nuclear scattering of CoC12-GIC along (0,0, l).
The inset shows the direction of the scan in reciprocal space.
On this scale the Hendricks-Teller fit from Eq. (A1) is indistin-
guishable from the data. (b) Corresponding magnetic scatter-
ing at T=4.4 K. The solid line is a fit [after Eq. (16)] assuming
a stage-dependent spin deviation, as described in the text.

The indices a,P run over the Cartesian coordinates, and
the Kronecker 5 term in Eq. (9) is a selection rule that
reAects the fact that the neutron e6'ectively interacts
only with the component of the spin which is perpendic-
ular to the scattering vector Q.

The observed intensity depends additionally on the
mosaic distribution of crystallites within the sample.
Like pyrolytic graphite, the samples used in the present
study have random in-plane orientation and a sizable
mosaic spread about the c axis. Stephens et ah. have
shown that for longitudinal scans within the plane, the
powder-averaged intensity is given by

I~(Q) = f d@P'(g)I, (Q cosg)F(Q sing), (10)
0

where I, (Q) is the in-plane component of the scattering
function cylindrically averaged about the c axis, F(Q)
governs any modulation of S(Q) along the c axis, and
P (P) is an effective probability distribution for tipping
the crystallite c axis an angle P from its average orienta-
tion. For a Gaussian rocking curve with full width at
half maximum (FWHM) of 2/[in(2)]', P'(tP) is approx-
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imately given by

p'(g) =(n'~ /g')exp[ —(l(/g) ](cosset )'

I», (Q)= I dq I~(q)R (Q —q) . (12)

Finally, to extract the observed intensity, I~(Q) must be
convoluted with the instrumental resolution function
R (Q), which for neutron scattering is a Gaussian ellip-
soid. To good approximation, a one-dimensional con-
volution in the direction of the scan may be used, giving

I
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V. DATA AND ANALYSIS c I 000

A. Stage-2 COCl~-GIC

Figure 2(a) shows a neutron-diffraction scan in the c*
direction taken at T=16 K, well above T„. These data
represent purely nuclear scattering, apart from the negli-
gible, nearly flat contribution from paramagnetic scatter-
ing. Peaks at (0,0, 1), (0,0,3), and (0,0,4) show that the
sample is stage 2; however, the (0,0, 1) and (0,0,3) peaks
are broadened far beyond instrumental resolution, and
shifted to lower and higher Q, respectively. This
phenomenon, which is common among acceptor GIC's,
is explained by the existence of staging disorder, in
which, instead of stage-2 packets stacked periodically
along the c axis throughout each crystal domain, there
exist randomly distributed packets of a variable stage
number. The diffraction pattern can be calculated
analytically after the method of Hendricks and Teller,
and the peak widths and positions have been successfully
Atted to a model assuming staging disorder, which is dis-
cussed in more detail in Sec. VI.

The magnetic scattering along (0,0, 1), taken from a
subtraction of scans at 4.4 and 16 K, is shown in Fig.
2(b). It appears to be composed of two parts: a broad
featureless background that falls off with increasing
scattering vector Q and a series of antiferromagnetic
(AF) superlattice reflections at (0,0,—,'), (0,0, —', ), (0,0, —', ),
and (0,0, —,'). The superstructure reflections represent a
doubling of the magnetic unit cell along the c axis. Pre-
vious authors ' have taken this as evidence of a well-
ordered phase below T&, in which ferromagnetically
aligned intercalate sheets order antiferromagnetic ally
along the c axis. However, the peaks are much broader
than instrumental resolution and, moreover, have a
shape which is more Lorentzian than Gaussian. These
features indicate that the reflections are associated with
short-range, rather than the long-range, magnetic order.

The second component of the magnetic scattering-
the broad background —can be shown to be a magnetic
ridge along the c' axis, by scanning across it perpendic-
ularly. Figure 3 shows an (h, 0, 1.85) scan across the
ridge at a location removed from both Bragg peaks and
superstructure reflections. The presence of a nuclear
"peak, " represented by open circles, away from any
Bragg peaks is due to the staging disorder, which builds
up intensity along the (0,0, 1) ridge. The magnetic
scattering, indicated by squares as a difference between
scans at T=4.4 and 23.0 K, similarly peaks in a ridge

0
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FIG. 3. High- and low-temperature scans across the c*-axis
ridge at 1=1.85. The inset shows the scan direction. The
upper and lower solid lines are Gaussian fits to the nuclear and
magnetic scattering at 4.4 K.

along the c* axis. As we will show in Sec. VI, this mag-
netic scattering is too strong to be due entirely to staging
disorder, and reflects the two dimensionality of the spin-
spin correlations. The smooth decrease in intensity of
the magnetic ridge and AF reflections with increasing Q
in Fig. 2(b) follows 1/Q, and is due to the dispersion of
scattered intensity by the large mosaic spread of the
sample.

The temperature dependence of both the magnetic
ridge and the AF reflections in the region around l = —,

' is
shown in Fig. 4(a). As the temperature is raised from
4.4 K both contributions decrease independently, until
the (0,0, —,

'
) peak disappears altogether above 8.8 K,

which we take as TI ~ The integrated intensities of the
AF peak, 3, and the ridge, 8, are shown as a function of
temperature in Fig. 4(b). Note that, first, there is a tem-
perature region above T& in which only 2D spin correla-
tions are present. An abrupt change in the ridge intensi-
ty occurs at a higher temperature of 9.5 K, which we in-
terpret as T„. Second, there is no decrease in ridge in-
tensity below TI at least as low as 4.4 K, which indicates
that the 2D-3D crossover is suppressed, a result con-
sistent with the lack of sharp AF diffraction peaks.

The spin correlation length g, along the c axis is given
by 2/b, Q, , where EQ, is the FWHM of the AF
reflection. Figure 4(c) shows g', as a function of temper-
ature. g, grows rapidly below 8.8 K but quickly satu-
rates to a constant value of 22 A, or less than two mag-
netic layers. This behavior shows that the spin correla-
tions in CoClz-GIC are quite two dimensional, even well
below T& ~

Information about how the intercalate layers are
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translated relative to each other perpendicular to the c
axis is obtained by scanning along (h, k, 1) with fixed h, k.
Figure 5 shows diffraction patterns along Co(1,0, 1) and
Co(1, 1,1). The nuclear scattering for both scans has no
sharp features in the region between l=0 and 1, which
indicates that each CoC12 layer is translationally un-
correlated with respect to its neighbors. In addition, the
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FIG. 5. Fixed h, k scans along the ridges parallel to c . The
inset shows the scan directions in reciprocal space. Lack of
sharp structure indicates lack of translational correlation be-
tween layers.
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Stage 2 CoCI2-GIC nuclear intensities lie along ridges parallel to c', as evi-
denced by well-defined peaks in the in-plane longitudinal
scan at positions corresponding to Co(1,0,0) and
Co(1,1,0) (see, for example, Fig. 6). The magnetic com-
ponent of the scattering along Co(1,0, 1), shown implicit-
ly as the dift'erence between low- and high-temperature
scans in Fig. 5, likewise occurs as a featureless ridge.
The modulation of the ridge of nuclear scattering along
Co(1,0, l) and Co(1, 1, 1) depends on the relative orienta-
tions of the Cl and Co atoms in each unit cell. At
present, scans do not extend out to high enough Q, to fit
the data conclusively to an interlayer stacking model.
H ver data are not inconsistent with the atomic ar-

of therangement found in pristine CoClz. The stacking o t e
graphite layers relative to each other similarly cannot be
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FICx. 4. (a) The magnetic component of scattering along
(0,0, 1) near the AF (0,0, 2 ) reflection at various temperatures.
(b) Temperature dependence of the intensity integrated under
the Lorentzian AF component, A, and under the 20 magnetic
ridge, B. (c) Temperature dependence of the spin correlation
length along the c axis, taken from the width of the AF peak.
The solid lines in all three figures are guides to the eye.
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FIG. 6. Longitudinal scans above the ordering temperature
through Co(1,0,0) by (a) neutron scattering and (b) x-ray
diffraction.
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conclusively determined from the observed scattering
along G(1,0, l) until more detailed scans are made. Such
scans are scheduled shortly.

In order to probe the in-plane magnetic correlations,
we have initiated a study of the Co(1,0,0) reflection with
improved resolution and counting statistics. Figure 6(a)
shows the nuclear scattering profile of the Co(1,0,0)
reflection. Two features deserve special note. First, the
peak exhibits the characteristic asymmetry of the War-
ren line shape, which rejects the large mosaic spread
and the lack of a we11-defined stacking sequence between
intercalate layers. Second, the peak is much narrower
than would be expected from an average island diameter
of 170 A, as reported by Matsuura et al. The peak
widths of the G(1,0,0) and the Al(2, 0,0) reflections (the
latter from the aluminum sample can) are resolution lim-

0
ited with values of 0.022 A '. For the present experi-
mental setup, this corresponds to a resolution at
Co(1,0,0) of approximately 0.0195 A '. Fitting the
low-Q side of the reflection, which does not depend
strongly on the Warren line shape, gives an intrinsic
FWHM of EQ=0.0090 A ' after deconvolution with in-
strumental resolution. The mean island size L obtains
from the Scherrer formula,

l. = (2~/b, g)(4 In2/m )
'

along the Co(1,0, 1) rod. Assuming the same intralayer
stacking as in pristine CoClz, the modulation has a
minimum at l=0, making the Warren line-shape asym-
metry more pronounced for the nuclear scattering than
for the magnetic scattering, which gives essentially Aat
rods. Such a modulation is not observed directly in the
Co(1,0, 1) scan because the mosaic serves to disperse the
intensity into wider regions of reciprocal space as l in-
creases.

The tails of the magnetic scattering at 4.4 K do not
extend very far, and appear to fall off faster than a
power law. This suggests that the scattering below T&

obeys a usual Gaussian structure factor, rather than the
form predicted for the bound vortex phase. Quantitative
fits of the scattering to both structure factors will be
presented in Sec. VI. The scattering at T=9.2 K, also
shown in Fig. 7, is too weak with present counting
statistics to discriminate the peak shape accurately.

B. Stage-2 NiC12-GK

Figure 8(a) shows the nuclear contribution to scatter-
ing along (0,0, 1) for NiC12-GIC, taken well above the or-

xjo5

0
as L =650+150 A, the large uncertainty arising from
difficulty in assessing the resolution width. This result
lies between the value 440 A obtained from high-
resolution x-ray measurements shown in Fig. 6(b), and a
value of roughly 900 A determined from neutron scatter-
ing measurements to appear elsewhere. All three
determinations give larger values than reported else-
where, ' " the dift'erence perhaps being due to intercala-
tion conditions.

The magnetic scattering around Co(1,0,0) at 4.4 and
9.2 K, taken from a subtraction of scans at those tem-
peratures and one at 16 K, is shown in Fig. 7. The mag-
netic reAection at 4.4 K is somewhat narrower than the
corresponding nuclear scattering. The dift'erence is like-
ly due to a modulation of the nuclear scattering function
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FIGr. 7. Magnetic contribution to the intensity around
Co(1,0,0) below TI at 4.4 K and near T„at 9.2 K.

FIG. 8. (a) Nuclear scattering component of an (O, O, I) scan
for NiClq-CHIC. The inset shows the scan direction. The peak
at 1=3.85 is due to pristine graphite, and the broadening and
shift of the peak positions of the (0,0, 1) and (0,0,3) reflections is
due to staging disorder, as discussed in the text. (b) Magnetic
scattering along (0,0, l) below TI.
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dering temperature at 36 K. The spectrum reveals that
the sample is composed of substantial amounts of the
stage-3 compound, as well as some pristine graphite.
The magnetic contribution below TI, extracted by sub-
tracting this spectrum from one taken at T=8.2 K, ap-
pears in Fig. 8(b). AF superstructure reflections appear
at I =—', —', —', , and —', , superposed on a smooth ridge
along (0,0, l), as for CoC12-GIC. This result is contrast-
ed with an earlier neutron scattering study of a stage-233

NiC12-GIC powder, which found no magnetic ordering
along the c* axis.

The temperature dependence of the (0,0, —,
'

) reflection
was investigated in detail. Figure 9(a) shows the intensi-
ty around (0,0, —,') at various temperatures, and the in-

tegrated intensities of the magnetic ridge and the
Lorentzian AF reAection are plotted versus temperature
in Fig. 9(b). These data are strikingly similar to those of
CoClz-GIC, and the c-axis spin correlation length g, of
NiClz-GIC, shown in Fig. 9(c), behaves analogously as
well. Taken together, these data reflect a two-stage or-
dering process for NiClz-GIC, as for CoC12-GIC.

A further similarity can be seen in the scans along
(h, k, l) with fixed h, k. Figure 10 shows the Ni(1, 0, l),
Ni(1, l, l), and G(1,0, l) scans from 1=0 to 1.2. Once
again the observed intensity lies in ridges parallel to the
c* axis, and no fine structure is present between l=0
and 1, showing that the NiC12 layers are translationally
uncorrelated. The difference in details of the scattering
intensity is attributable to the orientation of the Cl lay-
ers relative to the metal sublattice. Further scans out to
higher values of / that are required to determine the in-
tralayer stacking of the intercalate and the graphite lay-
ers are planned to begin shortly.

xIO

C
E 3

CA

C
0 2
O

C

0.15 O. 25 0.35 0.45 0.55
Q, (c )

0.65 0.75

xlO
C'

10—

C
OO

(b)

antiferromagnetic packets, due to the doubling of the
average magnetic unit cell. The scattering along (0,0, l)
from such a sample with the nuclear stage fractions
given above is shown in Fig. 11, where the theoretical
plot from Eq. (Al) has been multiplied by 1/Q and by

~ f (Q)
~

(Ref. 48) for direct comparison with the exper-

VI. DISCUSSION

A. CoC12-GIC

0
5 10 15 20 25

Tem perature (K)
30

l. Interplanar rejections

In order to understand the nature of the interplanar
magnetic interactions, it is essential to identify and
decouple the effects that lead to the broadening of the
AF reflections at (0,0, —,

' ), (0,0, —', ), . . . . Broadening can
be the result of either spin disorder or spatial disorder of
the atoms on which the spins lie. The latter condition is
present in CoC12-GIC, as evidenced from the
Hendricks-Teller (HT) broadening of the nuclear (0, 0, l)
rejections. To see whether staging disorder alone can
account for the magnetic scattering profile, we have
fitted the nuclear scattering to a HT model, which is
discussed in detail in Appendix A.

A fit of the nuclear peak positions and widths of
CoC12-GIC yields the following mixture of stages: 5.5%
stage 1, 70%%uo stage 2, 14% stage 3, 8%%uo stage 4, and
2.5% stage 5. On the scale of Fig. 2(a), the fit and data
are indistinguishable. If such a sample were to align
with AF long-range order along the c axis, the structural
disorder would selectively broaden the AF rejections as
it did the nuclear reflections. For the five types of nu-
clear layers present in the sample, there are 25 types of

50— NiClp- GIC (c)

20—
O~

IO—

0 1 I

IO 15

Te m pe ra ture ( K)

FICx. 9. (a) The magnetic component of scattering along
(0,0, 1) near the AF (0,0, 2 ) reflection at various temperatures.
(b) Temperature dependence of the intensity integrated under
the Lorentzian AF component, 2, and under the 2D magnetic
ridge, B. (c) Temperature dependence of the spin correlation
length along the c axis, taken from the width of the AF peak.
The lines in all three figures are guides for the eye.
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total spin in a given intercalate layer is not exactly anti-
parallel to that in an adjacent layer, but deviates some-
what by a rotation in the intercalate plane. We shall ini-
tially assume that the total spin in each layer is constant
and that the layers are equally spaced with spacing c.
Later we will relax these constraints.

Let P„be the orientation of the total spin S in the nth
intercalate layer relative to an arbitrary x axis. Since the
spins are constrained to the intercalate plane, the
diffracted intensity in a scan along the c * axis is propor-
tional to I&, given by

Ni(IO jI)
~ ~ ~

II ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~
~ ~

Ig =—(S(Q) S( —Q)), (14)

0
-0.2 0.2

I

0.4 0.6 0.8
Q, (c")

I

I.O l. 2

FIG. 10. Fixed h, k scans for NiC12-GIC. Inset shows the
directions of the scans in reciprocal space.

2 XgIg=S X 1—
1+x'

X g
1+x g

(15)

where S(Q) is the Fourier-transformed spin. The expres-
sion above is evaluated for the case of a disordered anti-
ferromagnet in Appendix B. For a sufficiently large lat-
tice the intensity is approximately given by

4
1

1

1

3—
I

i

I

2~
~/

1

1

V)

O

O

I—
V)

CD

c 0—

h, k

imental data. Smoothed data from Fig. 2(b) are over-
layed as a dashed line in Fig. 11. The fit is quite poor on
two counts: First, the theoretical peak widths are too
narrow, indicating the presence of spin disorder.
Second, the HT model predicts a shift of the peak posi-
tions away from I = —,', —', , —,', . . . , which is more pro-
nounced than the data indicate. As we will show below,
this feature indicates that the spin disorder must have
some dependence on the number of carbon layers inter-
vening between the spins.

To investigate the effects of spin disorder we assume
the following model for classical XY spins, in which the

where x~ =—(cosh, P )e'~' and where b,P is the deviation
of the spin orientation in one intercalate layer from AF
alignment with the preceding one. I& peaks at odd mul-
tiples of m/c, as expected.

Before applying this result to the case of CoC12-GIC
we must include two other effects. First, since there is a
considerable variation in the size of the intercalate is-
lands, there is no guarantee that the total spin in each
layer is the same. Let the magnitude of the total spin in
the jth intercalate layer be written as S~ =(S)+bSJ,
where (b,SJ ) =0. Assuming that the SJ can vary in-
dependently of each other and of their orientations, PJ,
then the net effect of the spin variation is to change S
in Eq. (15) to (S), and to add a constant term due to
self-correlation, ( (S ) —(S ) hV.

The second effect to be considered is a relaxation of
the constraint of equally spaced lattice points, an essen-
tial modification in light of the staging disorder. An
analysis parallel to the one above gives an identical re-
sult with the phase term e'~' replaced by a sum over the
possible phases weighted by their probabilities of occur-
ring. If we further suppose that hP„depends on the lat-
tice spacing c„, then for large crystals, Eq. (15) becomes

0
I

2

Q, (c")

IQ ——(S) N 1—
1 +yg 1+y

(16)
FIG. 11. The solid line represents a simulation of the mag-

netic scattering along (0,0, I ) that would result from AF long-
range order in CoC12-GIC, based on the Hendricks-Teller mod-
el (Ref. 44). The intensity has been multiplied by

~ f (Q)
~

/Q
for direct comparison to experimental data in Fig. 2(b), which
are reproduced in this figure by a dashed line. The agreement
is quite poor in two respects. First, the observed broadening of
the reflections over that predicted by the HT model is indica-
tive of spin disorder. Second, the shift of peak positions away
from l = —,', —', , —', , . . . , is not as pronounced as predicted by the
model, which suggests that the spin disorder grows with in-
creasing stage number.

The quantity y& is defined in analogy to x& as

yg =—g f '"( cosh, P'" )e '&' (17)

where f'" and c'" are the fraction and lattice spacing of
the tth-stage intercalate layer, obtained above, and b,P'"
is the spin deviation, which now depends on stage num-
ber. Equation (17) states that the weighting factor of the
phase of a particular stage layer depends not only oa the
fraction of that stage present, but on the degree of spin
alignment as well.
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Equation (16) leads to unsatisfactory fits of the mag-
netic scattering along (0,0, l) if (cosh, P"I) is required to
be independent of stage t. This can be seen by compar-
ing peak positions in Figs. 2(a) and 2(b). Whereas nu-
clear (0,0, 1) and (0,0,3) peaks are shifted toward the
stage-3 (0,0, 1) and (0,0,4) peak positions, respectively,
the magnetic peaks are not shifted at all. [This effect is
even more prominent for NiClz-GIC. See Figs. 8(a) and
8(b).] This indicates that AF alignment is most complete
at lower stages, as this condition would give the greater
weight in Eq. (17) to the peak positions of the lower
stage layers. The solid line in Fig. 2(b) is a fit with
( cosh, P"') = 1, (cosh.P' ') =0.65, and ( cosh, P'" ) =0 for
t ) 3. The small discrepancy in intensities at (0,0, —, ) and

(0,0, —,') is likely on account of the large vertical mosaic
spread, which at higher angles adds a I/Q component
to the fraction of intensity reaching the detector.

S, (Q) ~ ( I/X) g exp[ —i Q (R; —R~ )]

(18)

where g (R; ) = (S;.S ). Moving to the continuum limit
and performing the angular integration yields

S,g(Q) ~ f dR Jo(qR)Rg (R),
p

(19)

where q =
~ Q —G

~

for in-plane reciprocal-lattice points
G. Dutta and Sinha have shown that the effect on this
expression of a distribution of finite islands is to add an
additional Gaussian term in the integral to damp off
contributions from large R,

dRJpqRRg Re (20)

2. Intraplanar reflections

We now turn our attention to the intraplanar magnet-
ic correlation, as probed by the longitudinal scan
through Co(1,0,0). Determination of the peak shape is
crucial in ascertaining the form of the spin correlation
function. For scattering vectors perpendicular to the c
axis, the magnetic scattering selection rule in Eq. (9) for
XF spins is unity, giving a scattering cross section of the
form

J',ir-(g, /a) J', (21)

where a is the in-plane lattice parameter. If g, were to
grow in infinity, J',z would also diverge, and the 2D and
3D ordering would occur simultaneously. However, in
the case of CoC12-GIC, g, is constrained by the island
size, allowing the 2D ordering to occur before J',z is
large enough to bring about 3D order. This mechanism
may be additionally responsible for the failure of CoClz-
GIC to achieve 3D long-range, magnetic order.

correlation function, g(r)-r ". Putting this into Eq.
(20) yields

S,s(Q) ~ N(1 —g/2; I; qL—/4~),
where 4 is a degenerate hypergeometric function known
as Kummer's function.

Each of the scattering functions above has been ap-
propriately powder averaged for a c-axis mosaic spread
of 10.0' as per Eq. (10), convoluted with an instrumental
resolution of 0.0195 A ', and compared with the data.
Each fit has three free parameters: a maximum intensi-
ty, a Oat background which may be nonzero because of
paramagnetic scattering at 16 K, and an intrinsic length
scale, either L or g. Considerations of total spin scatter-
ing limit the paramagnetic background to about 50
counts, while the length scales must be consistent with
the island size determined from the nuclear Co(1,0,0)
reAection. For the Kummer function g is taken as 0.12,
the value expected from linear scaling with temperature.

Best fits of the Kummer-function — and Gaussian-
based profiles are shown in Fig. 12. For each, L=800
A, which is the largest allowed island size. The Gauss-
ian function fits marginally better, the only significant
diff'erence being in the low-Q tail, which is shown in
more detail in the inset. However, the Kummer-
function fit is not enough in error to be discounted. For

0
all values of (&800 A, the short-range order function
was found to yield unacceptably broad peaks.

While the finite size of the intercalate islands is par-
tially responsible for obscuring the form of g (r), it may
be a crucial element in the two-stage ordering that
CoC12-GIC undergoes. Earlier neutron scattering and
susceptibility experiments have determined the intra-
planar exchange coupling J' to be only a small fraction
of the intraplanar coupling J. As the in-plane correla-
tion length g, grows, the effective coupling between lay-
ers goes like

where L is the mean island diameter.
We shall consider several cases of Eq. (20). Conven-

tional long-range order gives a constant spin correlation
function, which leads to a Gaussian scattering profile.
Short-range order typically has an exponential form,
g(r) —r "exp( —gr). For g~~L, the finite-size effects
can be safely ignored, and the scattering function is of
the approximate form of a Lorentzian raised to some
power which depends on the value of q and on the
effective dimensionality of the correlations. Quasi-long-
range order is characterized by a power-law decay of the

B. NiC12-GIC

Figure 8(a) shows that the NiClz-GIC sample has a
number of domains which are predominantly stage 3
rather than stage 2, and regions of pristine graphite as
well. Because the layers are not randomly mixed
throughout the sample, the Hendricks-Teller model no
longer applies in its simple form, making a thorough
analysis parallel to that of CoC12-GIC less tractable.

However, a detailed analysis is probably superAuous,
in light of the similarity between the magnetic ordering
of NiC12-GIC and CoC1~-GIC in nearly all respects.
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FIG. 12. Fits of the Kummer-function —and Gaussian-based
line shapes to Co(1,0,0) data at 4.4 K, following Eq. (20). The
Kummer fit has been made with g=0.12. Both fits represent a
cylindrical average of the structure factor based on a mean is-

land size of 800 A, and both have been corrected for a 10 c-
axis mosaic spread and convoluted with an instrumental reso-

o ]
lution of 0.0195 A . The inset shows in more detail the low-

Q tail where the difference in fits is the greatest.

cally by a weak stage-dependent correlation which, as
the temperature is decreased, is never observed to lead
to long-range magnetic order along the c axis.

In both compounds the structure is quasi-2D, with no
well-defined stacking sequence between consecutive in-
tercalate layers. Instead of Brag g points, structural
Bragg ridges are present, running parallel to the c* axis
from each of the reciprocal-lattice points in the (h, k, 0)
plane. Further evidence for these ridges is found in the
Warren line shape of the in-plane peaks.

A longitudinal scan through the Co(1,0,0) reflection
suggests that the bound vortex state may not exist for
CoC12-GIC below T~, since the peak shape fits somewhat
more successfully to a con ventiona1 Gaussian profile
than to a cusp shape modified by mosaic spread and
finite-size effects. Of greater interest is the peak shape
near T„, which is thought to correspond to TKz. Unfor-
tunately, the counting statistics for the present study
were not sufhcient to discriminate the peak shape for
scattering in the intermediate-temperature regime.
However, the existence of finite-sized islands of diameter
much larger than previously expected makes it likely
that the bound vortex phase is realized between T~ and
T'

One exception to this lies in the ratio of the ridge inten-
sity to the AF peak intensity, which is larger by nearly a
factor of 2 for NiC12-GIC than for CoC12-GIC. This in-
dicates that the two dimensionality of spin correlations
is more pronounced in NiC12-GIC than in CoC12-GIC,
perhaps because of the predominance of high-stage faults
along the c axis.

VII. CONCLUSION
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The magnetic behavior of stage-2 CoC12- and NiC12-
GIC is quite similar. Both compounds undergo a two-
step ordering. Above T„ the compounds are paramag-
netic. For T& & T & T„ the compounds exhibit only in-
traplanar ferromagnetic spin correlations with no corre-
lations between different intercalate planes. Below T~

different intercalate sheets are coupled antiferromagneti-

APPENDIX A

This appendix deals with a model of staging disorder
first presented by Hendricks and Teller (HT). Accord-
ing to this model the intensity of a system of random
layers t with probability of occurring f '" is given as

(s) (t) (s) (t) C (s) (t) — (s) (t)
)yy()~ V()~ 2yI()y(

~

V()~
~

V(
~

'P 'P + 'P

1 —2C coscp+ C

(A 1)

where

C= g f"cos(2q"—g),

and y is defined implicitly by the relation

g f")sin(2qr" —q ) =0 .

(A2)

(A3)

ing of the 1ayer. Finally, a" is the phase of the layer
form factor, V"=

~

V"
~

exp(ia").
For CoClz-GIC the lattice constant for a stage-N

packet is roughly

9.30 A, X =1
(A4)

9.35 A+(N —1)dc, N )2

The quantity qv" is half the phase gained across the sth
layer, given by 2p"=Qc", where c" is the lattice spac-

where dc ——3.35 A is the spacing between graphite lay-
ers. The distance between Co and Cl layers is taken to
be dl =1.447 A, the value in pristine CoC12. The layer
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form factor can thus be written as

V' '(Q)=Bc,cos(Q ,'c—' ')

ture of stages: 5.5% stage 1, 70% stage 2, 14% stage 3,
8% stage 4, and 2.5% stage 5. On the scale of Fig. 2(a),
the fit and data are indistinguishable.

where

+2Bc,cos[Q( —,
'c' ' —di)]+ Vc '(Q), (A5)

APPENDIX B

We seek to evaluate the expression
(N —1)/2

Bc 1+2 g cos(jd Q) (N odd), Ig = (S(Q) S( —Q) ) (81)

V' '(Q) = '

N/2
2BC g cos d, Q (N even) .

j=1 2

(A6) for a disordered 1D planar antiferromagnet. Suppose p„
is the orientation of the total spin S in the nth inter-
calate layer relative to an arbitrary x axis. Then the to-
tal spin of the nth layer can be written as

The efFective scattering lengths per layer 8; are given by
the assumed form for the chemical formula of stage-2
CoC12-GIC, determined by weight uptake and considera-
tions of the island size, CoC1203C109 Assuming ihe
same packing fraction in all stages and that coherence is
maintained between graphite layers across gaps in the in-
tercalate, then

N —1

S(Q}=S g (cosP„x+sinP„y)e'g"',
n=0

(83)

S„=S(xcosg„+ysinP„) .

The Fourier transform of this over all N intercalate lay-
ers is

2.09 10.9
&co =&co &c1= bc1 &c= &c

2 ' 2
(A7)

where Q =2m.l/c. The expression for Ig thus can be
written as

where the atomic scattering lengths are ' b c,——0.25,
bc&

——0.96, and bc=0.664 (all X10 ' cm). A smaller
value of 8c would result if we assumed coherence was
maintained only across the intercalate islands. However,
if only the peak positions and widths are Gtted with no
attempt to fit the intensities, then the results are not sen-
sitive to such a change. A fit of the nuclear peak posi-
tions and widths of CoC12-GIC yields the following rnix-

N —1N —1

Ig ——S g g (cos(P„—P ) )e'g'"
n =0 m =0

For a disordered antiferromagnet,

, +~+A,P„, (n =1,2, . . . , N —1),

(84)

(85)

where (b.P„)=0 for all n Inse. rting this into Eq. (84)
gives

Ig ——S g 1+2 g (cos(bP +~+6/ +2+ . +bP„))(—1)" cos[Qc(n —m)] (86)
m =0 n =m+1

Since positive and negative rotations are equally likely,
(sink/„) vanishes for all n. Expansion of the term in
angular brackets in Eq. (86) thus leaves only

((cosh/ +&)(cosh/ +2) . (cosh/„)) .

The averaging can be done separately over each layer,
and the expression reduces to (cosh,g)l™,where we
have eliminated the unnecessary subscript on hP. Equa-
tion (86) becomes

Ig ——SN 1—2 Xg

1+x@
X g

1+x

xg 1 —( —xg)
1+xg 1+xg

1 —( —x
1+x g

+S2

x g
1+x g

The first term overwhelms the second whenever

(89)

N —1 N —m —1

Ig ——S g 1+ g [(—xg)"+( —x g} ], (87)
m =0 k=1

where xg —= (cosh.P)e'g'. The sum over k can be evalu-
ated in the usual way, using the relation I -SN 1 —( cosh, P )

I+(cosh, P) +2(cosh, g)cos(Qc)
(810)

1 —( cosh/ ) » 1 /N;
that is, for either large or very disordered spin systems.
This condition holds for CoC12-GIC, and the expression
for I& reduces to

1 —x R
x~=x

1 —x
(88) which peaks at odd multiples of ~/c. The correspond-

ing FWHM is

Upon simplifying the summing over the index m we ob-
tain

2
&

(1—(cosh/) )= —cos
c 2(cosh, g )

(811)
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