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Abstract. We report low-field (0-1200 Oe) magnetic properties of the CoClz- 
graphite intercalation compounds (GIC).  Using high-quality s tagel  coclz-GIC sam- 
ples, we determine that there is only one low-temperature field-induced transition 
at  H t ( 0 )  = 380 Oe in these compounds. We estimate that the interplanar exchange 
interaction J’ = 0.025 I<,  and hence the interlayer-to-intralayer exchange coupling 
ratio is IJ’/JI N for the s tage l  cocl~-GIC. The Ht-T phase diagram for the 
stage-1 coc12-GIC has been mapped out using both in-plane susceptibility x’ and 
c-axis resistivity p c  measurements. No field-induced transition in the Susceptibility 
that could be ascribed to the presence of a sixfold in-plane anisotropy field H6 was 
observed. Zero-field susceptibility x = x’ - ix” measurements on CoCl2 intercalation 
compounds with larger c-axis repeat distances than the s tage l  compounds showed 
one maximum in the real component x ’ ( T )  at  T,,, , and two maxima in the imag- 
inary component ~ ” ( 7 ‘ )  at  T,l and T,,, where T,I < T,,, < Tcu .  Additionally, 
the magnitude of the x’ (T)  maximum at  Tmax is approximately 10-15 times greater 
than the magnitude of the maxima in x”(T). For the stage-2 compounds we ob- 
tain IJ’/JI N representing an order of magnitude decrease with respect to the 
stage-1 compound. 

1. Introduction 

When intercalated into graphite, the C!l--Co2+-Cl- layered sandwich structure of 
pristine CoCl, is preserved [l]. Each CoCl, tri-layer sandwich is separated from other 
CoCl, sandwiches by n graphene planes, where n denotes the stage index of the 
resulting graphite intercalation compound (GIC).  The main interest in CoCl,-GIC has 
been the possibility of reducing the interlayer antiferromagnetic interaction J’, by 
increasing the magnetic interlayer separation through intercalation. Work on these 
compounds was motivated by the idea that if J’ is decreased sufficiently, the strong 
ferromagnetic in-plane interactions will dominate and give rise to  a two-dimensional 
(2D) magnetic phase transition. 

From high-field magnetization [2] and high-temperature DC magnetic susceptibility 
[3] measurements, the CoC12-GIC are known to exhibit strong XY spin anisotropy. 
Tha t  is, a t  low temperatures, the Co2+ spins point within the zy plane. The similarity 

9 Present address: Cavenclish Laboratory, Madingley Road, Cambridge CB3 OHE, UK. 
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of the CoC1, sandwich structures in pristine CoCl, and the CoCl,-GIC, and the X Y  
spin anisotropy exhibited by both types of CoC1, compounds, provide strong evidence 
that the anisotropic magnetic Hamiltonian introduced by Lines [4] for pristine CoC1, 

is also applicable to the CoCl,-GIC. The low-temperature magnetic ground state of 
CoCl, consists of ferromagnetically aligned sheets of Co2+ spins that are stacked in 
an antiferromagnetic arrangement along the c-axis [5]. 

The stage-1 CoC12-GIC have been extensively studied, and information concerning 
the dependence of JLtage-l on the interlayer separation has been obtained via low- 
temperature magnetic measurements performed under pressure [6]. 

In this paper we present magnetic results for CoCl,-GIC with stages 1 through 
3, as well as measurements on a CoCl,/AlCl, bi-intercalation compound. The aim 
of this study is to investigate the effect of reducing J' as the interlayer spacing I ,  is 
increased. The remainder of this paper is arranged as follows. In section 2 we briefly 
summarize the reaction conditions used to prepare the various samples investigated 
in this work. The following section, section 3, presents the magnetic results that are 
discussed in section 4. 

2. Sample preparation and cliaracterization 

All the CoC1,-GIC investiga.ted in this paper were synthesized using a single-zone 
intercalation reaction. In such a reaction the graphite pieces and some pristine an- 
hydrous CoCl, powder are placed at  separate ends of a glass ampoule, which is then 
sealed containing a known pressure of dry chlorine gas. Of the different CoC1,-GIC1 we 
found it easiest to prepare the stage-1 compounds, using high chlorine pressure (2-3 
atm chlorine pressure at  room temperature) and high reaction temperatures (66OOC). 
These extreme reaction conditions ensure that complete intercalation takes place, 
and it is unlikely that high-stage impurity phases exist within the stage-1 CoC1,- 
GIC samples. Stage-1 samples were synthesized from kish graphite and highly ori- 
ented pyrolytic graphite (HOPG) with equal success, giving a c-axis repeat distance 
of I ,  = 9.38 f 0.02 A. The stage-2 CoCl,-GIC were synthesized at 560'C using a 
room temperature chlorine pressure of G O O  torr. The synthesis conditions for prepar- 
ing higher stage ( n  > 2) CoCl,-GIC are not well established. We prepared stage-3 
CoCl,-GIC samples using a room temperature chlorine pressure of about 500 torr, and 
a reaction temperature of 56OOC. However, it should be mentioned that sometimes we 
obtained stage-2, stage-3, and mixed stage-2/stage-3 CoCl,-GIC samples all within 
the same reaction ampoule. From entropy considerations there is an increased chance 
of impurity stages existing in higher stage compounds, and elastic neutron scattering 
measurements of a nominal stage-2 CoCl,-GIC revealed a large (- 30%) concentration 
of admixed stages 171. With the above considerations in mind, we show in figure 1 the 
x-ray diffraction scan of a stage-3 CoCl,-GIC. From the indexed (OW) Bragg peaks, 
we determine the c-axis repeat distance to be I ,  = 16.02 i 0.10 A. 

Due to the difficulty in preparing homogeneous high-stage CoCl,-GIC samples, bi- 
intercalation compounds have been investiga.ted as alternative systems for observing 
quasi-two-dimensional magnetic behaviour. To synthesize CoC1, bi-intercalation com- 
pounds, a stage-2 (or higher) CoCl,-GIC sample is required as starting material for a 
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Figure 1. The (OOe) x-ray diffraction pattern, using Cu I<CY radiation, of a stage-3 
CoClZ-GIC. From the indexed Bragg peaks, we determine the c-axis repeat distance 
to be I ,  = 16.02 f 0.10 A.  

second intercalation reaction, where the non-magnetic second intercalate is introduced 
between the remaining adja.cent graphene layers. 

The bi-intercalation compounds investigated here were synthesized using AlCl, as 
the second intercalate; AlCl, is less toxic and less volatile than GaCl, that was used 
to synthesize earlier bi-intercalation compounds [8]. The intercalation of AlCl, w a s  
carried out using a two-zone reaction for two days with 1 atm of chlorine. The AlCl, 
end of the ampoule was heated to 15OoC, while the stage-2 sample was heated about 
10°C higher using a small heating tape. These particular reaction conditions were 
chosen after we had investigated the conditions for synthesizing pure stage-1 AlCl,- 
GIC from HOPG and kish graphite, and the synthesis conditions quoted above gave 
non-violent reactions and yielded samples that were saturated with intercalate and 
blue in colour (indicating stage-1). It is very important that the second intercalation 
reaction proceeds smoothly, otherwise the AlC1, will displace the CoC1, from the 
stage-2 CoC12-GIC. 

The main advantage of using AlCl, for the second intercalation is that ,  upon expo- 
sure to the water vapour in air, the AlCI, bi-intercala.tion samples are more chemically 
stable than their GaC1, counterparts. Therefore, the CoCl2/A1Cl, compound is easily 
handled in a glove-bag, and there is little degradation of the sample when it is briefly 
exposed to air during transfer from the glove-bag to the susceptibility probe. 

The interplanar repeat dist,ances I ,  of the various CoC1, compounds are summa- 
rized in table 1. 

Table 1. Structural and magnetic properties of various COClZ-GIC. 

I c ( A )  Tci(I0“ Tmax(K)b Tcu(IC)” 

Stage-1 9.38 - Tcz = 9.7 - 
Stage2 12.70 7.8 8.6 9.2 
Stage3 16.02 7.7 8.4 9.5 
Bi-stage-F 19.1 7.4 8.1 9.2 

”From the peak in x ” ( T ) .  
bFrom the peak in x’(T) .  
Stage-2 CoClz /AICI~-GIC.  
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3. Magnetic results for CoC12-GIC 

Measurements of the in-plane AC susceptibility x = XI - ix”, where x‘ and 2” are the 
real and imaginary components, respectively, were performed using a set-up similar 
to  that  described previously [9]. In-plane resistance measurements were carried out 
using the standard four-probe technique, with applied currents kept below 1 mA to 
reduce sample heat,ing. For measurements requiring a magnetic field, the field H was 
applied within the zy plane of the GIC sample, perpendicular to the c-axis. 

Using the convention of earlier papers in the field, we define the lower and upper 
transition temperatures of the stage-1 CoC12-GIC to be T,, and Tc2, respectively. For 
higher stage ( n  2 2) compounds, the lower transition temperature is labelled T,,, and 
the upper transition temperature is labelled Tcu. For all stages, the temperature of 
the maximum in the real part of the susceptibility is defined to  be T,,,. 

The magnetic results are presented in an order determined by increasing interpla- 
nar repeat distance and hence decreasing interplanar exchange interaction. 

3.1. S t a g e - 1  C O C / ~ - G I C  

The zero-field susceptibility ~‘(2’) of a stage-1 COCI,-GIC is shown in figure 2,  and 
exhibits a maximum at  T,,, = Tc2 = 9.7 I<. This temperature is identified to be close 
to  the Ndel temperature TN, and elast,ic neutron scattering measurements of Ikeda e t  a1 
[lo] confirm that  there is long-range antiferromagnetic order below this temperature. 
As the temperature is lowered through TN, the ferromagnetically aligned spins within 
each magnetic layer become ordered iiit,o an antiferromagnetic arrangement of sheets 
of spins stacked along the c-asis. The lower peak in x’(T), defined to  be the transition 
temperature T,, = 8.G I<, has also been observed by Yazami and Chouteau [ll]. The 
imaginary component of the zero-field susceptibility x”(T) exhibits [6] a single peak 
a t  Tc2. 

Figure 2. The zero field in-plane susceptibility x’(T)  of a stage-1 coc12-GIC.  The 
upper and lower peaks are at. t,emperatures Tcz and Tcl,  respectively. The upper 
transition Tc2 is ident,ified to be just below the NCel temperature TN, whereas the 
physical origin of the transition at Tcl has not yet been explained. 

In-plane susceptibility f (  H )  measurements a t  constant temperature of a stage-1 
CoC12-GIC are shown in figure 3.  At low temperatures (curve ( a ) ) ,  the field-induced 
peak defining H, occurs a t  380 Oe. As the temperature is raised, this peak a t  H, 
first becomes sharper and stronger in magnitude (traces ( b ) - ( d ) )  up t o  - 8.8 K and 
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then decreases in intensity (traces (e) and (8) and finally disappears a t  -10 K, a 
temperature about 0.3 I< above Tc2. The inset of figure 3 shows the magnitude of 
the susceptibility peak x ' (H , )  against temperature, showing that the peak in x ' (H , )  
occurs close to  Tel. The values of H ,  are plotted as a function of temperature in 
figure 4. 

I I ' I  A d  CoCIz-GIC 

Applied field (Oe) 
Figure 3. The in-plane susceptibility x ' ( H )  of stage-1 COclz-GIC at  temperatures 
( a )  6.80, ( b )  7.41, (c) 8.02, ( d )  8.70, ( e )  8.90, (f) 9.72, (9) 10.00, ( h )  10.14, (i) 10.41, 
(j) 10.93, and ( k )  13.40 I<. The inset shows the magnihde of the susceptibility peak 
x ' ( H t )  for various temperatures. The peak x'(Hl) shown in the inset occurs within 
experimental error of the value of Tcl shown by the arrow as determined from the 
temperature scan in figuie 2. 

COCIZ-GIC 

0 4 8 
Temperature ( K )  

Figure 4. The H I  - T phase diagram of stage-1 CoClZ-GIC. The full circles ( 0 )  
are derived from the peak in the x ' ( H )  traces of figure 3, and the open circles (0) 
are obtained from the maximum value of the derivatives Idp , (H) /aHJ of the scans 
in figure 8. The full line is a guide to the eye. 

Earlier low-temperature measurements [12] of x'( H )  for stage-1 COCI~-GIC showed 
two field-induced transitions; however, based on experience from measurements of 
many stage-1 CoC12-GIC samples, and the observation of similar effects in stage-1 
NiC12-GIC [13] and stage-1 Co,Mg,-,C12-GIC [14], it is now believed that the transi- 
tion reported at lower field is not associated with stage-1 and that high-quality stage-1 
CoCl, and NiC1, samples show only one, clear, field-induced peak at  H,. 
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If the field-induced transition at  H ,  is first-order, its width is expected to be pro- 
portional to XAM, where AM is the size of the magnetization jump at the transition, 
and X is the demagnetization factor of the sample. The demagnetization factor X can 
be estimated, assuming that the sample is ellipsoidal in shape, using the published 
tables of Osborn [15]. Curve ( a )  of figure 5 shows the x ’ ( H )  trace at  T = 4.2 K 
for a sample with demagnetization factor X = 0.88; the full width at half maximum 
(FWHM) of the transition at  H ,  is estimated to be 120 Oe. A susceptibility trace, at  
the same temperature, for a sample with X = 3.2 (labelled ( 6 )  in figure 5) has a field 
width of 400 Oe. Assuming that AM is the same for both samples, the transition 
widths for these two samples approximately scale with A, as predicted for a first-order 
phase transition at  H,. This suggests two possible interpretations of the magnetic 
phase diagrams. In the first case, H ,  is a spin flop transition; however, the spin flop 
to  paramagnetic transition at  higher field values has not been detected up to a field 
of 1 T. In the second interpretation, H ,  is the only transition in an applied field, and 
the stage-1 CoCl,-GIC system is a metamagnet. Our measurements suggest that the 
latter possibility is more likely, and ot,lier measurements, for example, neutron scat- 
tering at  low temperatures confirm [ l G ]  that, in the stage-1 CoC1,-GIC1 there is a loss 
of c-axis antiferromagnetic order near -380 Oe. 

0 300 600 900 1200 
Magnetic field (Oe) 

Figure 5.  Traces of the field-dependent susceptibility x ’ ( H )  at T = 4.2 K for two 
stage-1 c o c l ~ - G I C  samples with estimated demagnetization factors of ( a )  0.88 and 
( b )  3.2. 

The peak at  H ,  has been identified by elastic neutron scattering [16] to be the mag- 
nitude of the applied magnetic field that just overcomes the c-axis antiferromagnetic 
order. We can therefore estimate J‘ from the rela.tion 

J’ = gLpBHt/2zS. 

Inserting the appropriate values for gL = 6 ,  and z = 6 for the number of nearest- 
neighbour spins on the adjacent spin planes, we obtain the numerical relation J’(K) = 
6 . 7 ~  10-5H,(Oe). Hence, from the extrapolat,ion of H , ( T )  to low temperature H,(O) = 
380 Oe, we calculate the interlayer coupling to be J’ = 0.025 K for the stage-1 CoC1,- 
GIC. 

In-plane resistivity p,(T) measurements [17] provide another method for observing 
the antiferromagnetic ordering temperature TN of the stage-1 coCl,-GIC. The zero- 
field resistivity p,(T) increases sharply and anomalously as T is lowered below TN 
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(see figure 6a) whereas the resistivity behaviour for T >> TN is similar to that for non- 
magnetic acceptor GIC [18]. The expression ‘anomalous’ refers to the observation that 
the scattering (and hence the resistivity) is enhanced in the ordered magnetic phase; 
the opposite behaviour (reduced resistivity below TN) is usually observed in conducting 
antiferromagnetic materials. This anomalous increase in pa(T)  below TN has been 
identified with an additional scattering effect arising from a Fermi surface modified 
by c-axis zone-folding due to the antiferromagnetic stacking of the ferromagnetically 
ordered spin planes [19]. The long-range coherence of this antiferromagnetic stacking 
along the c-axis in the stage-1 CoC12-GIC has been established by magnetic neutron 
scattering [lo]. Temperature sweeps of pa(T)  in an applied magnetic field H (see 
figures 6( b)-(f)) show that H reduces the antiferromagnetic order and thus suppresses 
the anomalous increase in the resistivity below TN. 

4 6 8 1 0  
Temperature ( K 1 

z 

Figure 6. The in-plane resistivity pa(T) of a stage-1 CoCi2-GIC sample measured 
in applied in-plane magnetic fields of ( a )  0,  ( b )  450, ( e )  600, ( d )  900, ( e )  1000, and 
( j )  1200 Oe. 

Figure 7 shows c-axis resistivity p,(T) behaviour that exhibits the same temp- 
erature-dependent features as the p a ( T )  data shown in figure 6. The p,(T) behaviour 
for a similar stage-1 sample w a s  confirmed [20] independently using a more elabo- 
rate measurement system, which ensures that the current flows parallel to the c-axis 
throughout the sample. Figure 8 shows p , ( H )  data that exhibit the same field- 
dependent behaviour as p , ( H ) .  The values of H,, determined from the maximum 
of the derivative Idp , (H) /dHI ,  are plotted as open circles (0) in figure 4 for various 
temperatures. The close agreement of H,(T), as determined from susceptibility and 
transport measurements, gives strong support for the theory proposed by Sugihara 
et  a1 [19]. This theory proposes that the band ga.ps at  the Fermi surface associated 
with the antiferromagnetic ordering enhances the electron scattering in the magnetic 
state. This scattering channel is quenched in a magnetic field which eliminates the 
antiferromagnetic state. 

Some doubt has been raised [13] as to whether domains and staging defects 
introduced by the intercalate layer could cause leakage of pa into pee  The mix- 
ing of pa and pc is a serious concern in transport investigations of any highly 
anisotropic material. The magnitude of the anomaly below TN shown in figure 7 
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Figure 7 .  The c-axis resistivity pc(T) of a stage-1 cocl2-GIC measured in applied 
in-plane magnetic fields of ( a )  0, ( b )  300, (c) 375, ( d )  600, (e) 675, (f) 750, (9) 900, 
( h )  990, (i) 1125, and (j) 1200 Oe. 

v) 2.50 

? 
t c 

g 
v 

$2.45 

2.40- 
0 300 600 900 1 

Magnetic field (Oe)  

Figure 8.  The c-axis resistivit.y p , ( H )  of a stage-1 CoCln-GlC measured at  temper- 
atures ( a )  4.3, ( b )  5.55, ( e )  6.68, ( d )  7.56, (e) 8.34, (f) 8.75, (9) 9.05, ( h )  9.40, ( a )  
9.87, ( j )  10.28, and ( k )  11.55 I<. 

is [p,(O) - p,(T,)]/p,(O) = Ap, /p ,  FZ 4% (Ap, /p ,  FZ 8% was measured [20] on an- 
other sample) is slightsly smaller tjlian the anomaly observed in the in-plane resistivity 
Ap,/p, FZ 10% (see figure 6 and [17]). At this time, we are not sure whether the 
resistivity anomalies in p,(T) and p,(T) are both intrinsic effects, or whether in a 
‘perfect’ sample the anomaly is present in only one of the resistivity configurations. 

3.2. Stage-2 C O C ~ ~ - G I C  

The real and imaginary components of the zero-field susceptibility of our stage-2 
CoC12-GIC have been published in a recent paper [6]. The real component x’(T) 
exhibits a maximum a t  T,,,, = 8.6 E;, whereas x”(T) shows peaks a t  T,, = 7.8 K 
and T,, = 9.2 I(. In the low-temperature scans of x ’ ( H )  for the stage-2 CoC12-GIC, 
a weak shoulder is observed at  -10-15 Oe [all.  Figure 10 shows the position of this 
weak feature as a function of temperature; the anomaly is found to  disappear a t  9.1 K. 
A similar low-temperature transition at  H, = 12 Oe has also been observed a t  6 I( 
in the field scan of the (OOi) magnetic neutron scattering [22] Bragg peak and this is 
plotted as an open circle (0)  in  figure 9. Suzuki el a1 [22] suggest that  H ,  is a spin 
flop transition. However, we could find no evidence for a spin flop to paramagnetic 
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transition at higher field values, and we shall assume that H ,  is the magnetic field 
at which the c-axis antiferromagnetic order is overcome. Whichever of the two ex- 
planations is correct, the transition at  H ,  is a consequence of three-dimensional (3D) 
antiferromagnetic order, and the antiferromagnetic interplanar exchange parameter in 
the stage-:! compound JLtage-:! is an order of magnitude smaller than Jitage-l. 

15 I I 

" 4  $ b ;,!I 

I 

Temperature (K) 

Figure 9.  The temperature dependence of the field anomaly Ht in a stage-2 CoC12- 
GIC sample. The low-temperature point, denoted by an open circle (0), is the result 
obtained from neutron scattering 1221. 

Due to variability in  the samples, neutron studies of stage-2 CoC12-GIC have 
observed different transition temperatures, for example T,, = 8.8 K,  T,, = 9.4 K 
by one group [7], and T,, = 8.0 I<, T,, = 9.1 I< by another group [22]. From neutron 
scattering measurements, it is desirable to measure the temperature dependence of the 
( O O i )  magnetic Bragg peak, and thus determine the temperature at which 3D anti- 
ferromagnetic order disappears. In experimental studies of stage-2 CoC12-GIC [7, lo], 
there is a monotonic decrease of the intensity of the ( O O i )  peak when the temperature 
is raised from liquid-helium temperatures. As the temperature approaches 8 K,  the 
exact position at  which the intensity of the (004) peak goes to zero is complicated 
by the presence of a large background tail. Neutron scatterers have identified this 
tail with diffuse scattering from 2D ferromagnetic spin correlations, and by careful 
separation of this diffuse scattering from the ( O O i )  peak, it appears that the 3D an- 
tiferromagnetic order disappears near 9.0 I< [7]. Wiesler el a l  [7] state that the 3D 
ordering temperature occurs at  the lower transition T,, = 8.8 I<. It should be added 
that the tail could be also caused by smearing of the 3D transition, as is observed in 
stage-1 CoC12-GIC [lo], or by the presence of impurity stages. 

In our study of stage-:! CoCL-GIC, our samples are prepared slightly differently and 
are thus expected to exhibit different transition temperatures. Indeed, the transition 
temperatures of our stage-:! samples listed in table 1 are slightly different from those 
quoted from other research groups i n  the previous paragraph. From figure 9, we see 
that the field structure disappears at  a temperature that is closer to TCu rather than 
T,,, where the two transition temperatures have been determined from the imaginary 
component of the susceptibility [GI. Therefore, in contradiction to Wiesler e t  a1 [7] we 
observe the 3D magnetic order to disappear close to the upper transition temperature 

Although small anonialous effects have been seen [17] near T,, in the p,(T) curves 
of stage-2 CoCl,-GIC, attributed to spin-disorder scattering as the magnetic phase is 
established, no such features were observed in p,(T). 

Tcu. 
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3.3. Stage-3 CoC/,-GIC 

The real and imaginary components of the zero-field susceptibility of a stage-3 CoC1,- 
GIC are shown in figure lO(a). The features are similar to the stage-2 results; x'(T) 
has one peak at  T,,,, whereas f ( T )  exhibits peaks at T,, = 7.7 K and Tc, = 9.5 K. 
The position T,, of the upper peak in ~ " ( 5 " )  coincides with a weak shoulder that can 
be seen in the real part of the susceptibility ~'(2'). In an earlier study [23] of a stage-3 
CoCl,-GIC, this shoulder in f ( T )  has been claimed to be the upper transition Tcu. 

SI*-2 

'4 6 8 10 12 14 
Temperature (K )  

Figure 10. The susceptibility x(T) = ~'(5") - ix''(T) of ( a )  stage-3 coc12-GIC,  
and ( b )  stage2 CoC12-GIC bi-intercalated with AlC13. The real component of the 
susceptibility exhibits a peak at T,,,, whereas the imaginary component x" x 10 
exhibits peaks at T, I and T, 

Low temperature scans of $ ( H )  revealed no low-field structure. 

3.4. Bi-intercalated stage-2 C O C ~ ~ - G I C  
The traces of the zero-field susceptibility x'(T) and x"(T)x 10 are shown in figure 10( b )  
for a stage-2 CoCl2-GJC bi-intercalated with AlCl,. As in figure 10( a )  the position 
T,, of the upper peak in f ( T )  appears a t  a temperature that coincides with a weak 
shoulder that can be seen in the real part of the susceptibility x'(T). Again, the 
relative positions of the transition temperatures are similar to those observed in the 
stage-2 CoCl,-GIC. 

If the bi-intercalated sample is prepared carefully, the total number of Co2+ ions, 
and their distribution on the magnetic layers, will remain unchanged by the introduc- 
tion of AlCl,. Figure 11 shows the susceptibility of a stage-2 CoCl,-GIC ( a )  before, 
and ( b )  after bi-intercalation. The original stage-2 sample was found to contain some 
impurities (not seen in the (OOt ' )  x-ray diffraction scan) that give rise to a bump in 
the susceptibility at  9.3 I<. However, after bi-intercalation, two features in ~ ' ( 5 " )  are 
clear. First, the nmgnitude of the susceptibility in the bi-intercalation compound is 
greater for the same number of Co2+ ions, thereby providing strong evidence for the 
increasing two-dimensionality of the magnetism as a result of the intercalation of the 
non-magnetic AlCl,. Second, the susceptibility peak in x'(T) shifts from 8.4 to 8.1 K 
after the intercalation with AlCl,. This decrease in T,,, is in agreement with the 
earlier work of Rosenman et a1 [a] on stage-2 CoCl,-GIC bi-intercalated with GaC1,. 
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I 

840 1 

Figure 11. 
coc l2 -GlC  ( a )  before and ( 6 )  after bi-intercalation wi th  AlC13. 

The real coniponent of the in-plane susceptibility x’(T)  of a stage-2 

4. Summary and discussion 

When comparing results from different research groups we should be aware of the vari- 
ation in the magnetic properties of samples with the same nominal stage. Variations 
in the in-plane filling factor may give rise to variations of the observed transition tem- 
peratures, as has been demonstrated in the study [14] of the dilution of the magnetic 
properties of stage-1 CoC12-GIC with Mg2+ ions. Similar dilution of the magnetic 
properties of the higher stage compounds is also expected. 

The  magnetic properties of the CoC12-GIC become more two-dimensional in the 
higher stage compounds where the magnetic layers are separated from each other 
by additional graphene layers. This increasing two-dimensionality is reflected in the 
increasing strength of xmax, the magnitude of the susceptibility (per CO’+ ion), as we 
progress to  higher stages [24]. This is most clearly seen in the traces (see figure 11) of 
the real part of the susceptibilit,y shown ( a )  before and ( 1 5 )  after bi-intercalation with 
AlC1,. 

The CoC12-GIC have been investigated by many experimental techniques, as re- 
viewed [25, 261 recently, and many of the conclusions concerning the magnetic prop- 
erties of the CoC12-GIC are applicable to the NiC12-GIC. 

4.1, Stage-1 CoCl,-GIC 

Experimentally, the results presented in section 3.1 show that the AC susceptibility 
x ( H ,  T )  and the resistivity measurements, p , (H ,  T )  and p , ( H , T ) ,  give a consistent 
picture of the magnetic phase transitions in  the stage-1 CoC12-GIC compounds. Stage- 
1 CoC12-GIC are quasi-2D magnetic syst,ems with an interlayer-to-intralayer exchange 
coupling ratio of IJ’ /JI  - lo-,. These system order into a long-range antiferromag- 
netic arrangement of stacked ferromagnetic sheets at a Nbel temperature TN just above 
Tc2 = 9.7 I<. The nature of the transition a t  T,, = 8.6 I<, observed in susceptibility 
measurements by other groups, is still not understood and should be investigated by 
neutron scattering. Theoretically, i t  would appear that a model [19, 271 which incor- 
porates zone-folding of the r-electron bands accounts for the resistivity anomalies in 
both p,(T) and p, (T) ,  and can also qualitatively explain the magnetic field behaviour 

In summary, the stage-1 magnetic results presented in this work and by other 
research groups [ lo ,  161 are consistent; the stage-1 CoC12-GIC exhibit a clear 3D anti- 
ferromagnetic transition near 9.7 I<. Stage-1 COCI~-GIC samples exhibiting [28] lower 

of P , ( W  and P C ( W .  
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Nkel temperatures must have a lower intercalate filling factor that  gives rise to  diluted 
magnetic properties similar to  those studied [14] in the stage-1 CO,M~,_,C~~-GIC.  

4.2. Higher stage COCI,-GIC (n 2 2) 

In going from pristine CoCI, to stage-1 CoCl,-GIC, there is a decrease in the inter- 
planar antiferromagnetic exchange coupling J’. Such a decrease of J‘ is reflected in a 
reduction of the 3D ordering temperature TN from 24.9 to  9.7 K [5]; in figure 12 we 
have plotted In J’ against, lnTN for these two compounds. Experimentally, the low- 
temperature phase of the stage-2 CoCl,-GIC exhibits antiferromagnetic order with a 
short c-axis coherence length I, = 22-70 A(references 29,lO respectively). The  lim- 
ited size of 5, gives rise to  low-temperature field-induced transitions that are very 
weak in magnitude in comparison to  those observed in st,age-l CoC12-GIC. The lack 
of low-temperature long-range order could be attributed to  the random stacking [l] 
of the intercalate layers in the stage-2 CoCl,-GIC. Such random stacking gives rise to  
random fields that  could disrupt the long-range antiferromagnetic c-axis order. From 
the low-temperature field structure a t  H, =lo-15 Oe, we can estimate (using equation 
(2)) the interlayer-to-intralayer exchange coupling ratio to  be IJ’/JI - for the 
stage-2 CoCl,-GIC. The field struct#ure i n  our stage-2 samples disappear a t  T = 9.1 I(, 
which we define, for the purposes of figure 12, to be t,he Nkel tempemture of this 
compound. Our conclusion that ,  for a stage-2 CoCl,-GIC, T,, is a transition to  long- 
range 3D order is in agreement with recent quasi-elastic neutron scattering data  [30]. 
These latest data  show that. below T,,,, there is a component to the scattering due to  
long-range 2D magnetic order, such 2D order is a necessary condition for a transition 
to  3D long-range order that  we have observed below T, ,. 

Stage-1 
4 

2 .o 

1.5 -a -6 -4 -2 o 2 
I n  J’ 

Figure 12. Plot of ln J’ against I t I T N  for pristine coclz [ 5 ] ,  stage1 [6], and stage-2 
c O c l 2 - G I C .  

Low-temperature, field-induced structure has also been observed [31] in the in- 
plane susceptibility k ’ ( H )  of stage-2 NiCl,-GIC, in samples that exhibit two transitions 
a t  17.3 and 19.4 I<. The upper transition corresponds t,o our definition of T,,,. At low 
temperatures and in an applied in-plane magnetic field, the stage-2 NiC12-GIC show 
a peak in $ ( H )  a t  - 35 Oe. As the teinperature is increased, t,he field value of this 
peak in x ’ ( H )  moves to lower fields; however, in a field sweep at  19.4 I( (the highest 
temperature presented) there is still a clear maxima in f ( H )  at  - 15 Oe. Suzuki and 
Ikeda [31] report that this field structure persists up  to  21.5 I<. By comparison with 
our results for stage-2 CoCl,-GIC, we would identify 21.5 I< with the temperature a t  
which 3D magnetic order disappears in stage-2 NiCl,-GIC, that is T,, = 21.5 K. This 
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identification is in rough agreement with the neutron scattering measurement [7] that 
shows that the integrated int,ensity of the (004)  Bragg peak disappears above 20 K in 
stage-:! NiCl,-GIC. 

Not included in figure 12 are data points for the stage-3 CoC12-GIC and the stage-:! 
CoCI,/AlCl,-GIC, as we have no estimate for J’ or TN of these compounds. In the 
stage-3 and bi-int,ercalated sta.ge-2 CoC12-GIC, the magnitude of J’ is expected to be 
further reduced. 

The stage-3 Cocl,-GIC and the bi-intercalated stage-2 CoCl,-GIC exhibit temp- 
erature-dependent features that are similar to those observed in stage-2 CoC12-GIC. 
That is, the imaginary component of the temperature-dependent susceptibility x”(T) 
exhibits two maxima at  T,, and T,,,, whereas the real part x’(T) exhibits a maximum 
at T,,, , where T, , < T,,, < T, ,. Additionally, the magnitude of the $(T) maximum 
at T,,, is approximately 10-15 times greater than the magnitude of the maxima in 
~ “ ( 7 ‘ ) .  The values of T,,, T,,, and T,,,, for the different stages and compounds are 
summarized in ta.ble 1. It is temptsing t,o identify one of these temperatures as being 
the 2 0  magnetic Il;ost~erlit,z-Tliouless (w) transition. However, if the temperature 
T,, is a trmsition to weak 3D magnetic order for all high-stage CoCl,-GIC, then a 
search for a I<T temperat.ure should he conducted at  higher temperatures. 

It would be of interest, to form bi-intercalation compounds of stage-3 Cocl,-GIC 
and stage-:! NiC12-GIC. 
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