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MAGNETIC ORDER IN A BI-INTERCALATION COMPOUND, GRAPHITE - 
CrCl3 - CoC12 

S. FLANDROIS, P. BIENSAN, J.M. LOUIS*, G. CHOUTEAU*, T. 
ROISNEL**, G. ANDRE** AND F. BOUREE** 
Centre de Recherche Paul Pascal, CNRS, 33600 Pessac, France 
* Laboratoire des Champs MagnCtiques Intenses, 166X, 38042 Grenoble, France 
** Laboratoire Lion Brillouin, CEN Saclay, 91 191 Gifmvette, France 

Abstract CoC12 has been intercalated in a stage-3 CrC13-GIC to give a pseudo stage- 
1 GBIC with intercalate stacking sequence -A-B-B-A-, where A = CrC13 and B = 
CoC12. The magnetic properties have been studied by SQUID magnetometry and 
ax. susceptibility experiments, and the magnetic structure investigated by neutron 
diffraction. The data provide evidence for an antiferromagnetic order along the C- 
axis below 11 K and a helical magnetic phase between 11 and 15 K. 

INTRODUCI'ION 

Graphite intercalation compounds offer an opportunity to synthesize novel magnetic 
compounds with various intraplanar or interplanar arrangements. Systems of special 
interest are those known as graphite bi-intercalation compounds (GBIC) containing a 
regular sequence of two kinds of intercalated layers' which can be both magnetic or one 
magnetic and the other non-magnetic. While the latter case allows greater separation 
between the magnetic planes relative to that in the associated binary GIC's, the former 
offers the possibility of studying the interaction between the two types of magnetic 
guests. 

CrCl3 is particularly convenient for this purpose. It undergoes a magnetic phase 
transition below T = 16.8 K to an antiferromagnetic state, with the spins lying in the 
basal planes and forming ferromagnetic layers which alternate in direction along the C- 
axis2. It can be intercalated into graphite to give well-defined stage-3 compounds and the 
intercalation temperature (800OC) is such that the compounds are stable up to 65OOC at 
least. Thus, it can be sequentially intercalated with another metal chloride to give a 
GBIC. In this paper, we investigate the magnetic properties and especially the magnetic 
ordering at low temperature for a pseudo stage- 1 CrClyCoC12-GBIC. 
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EXPERIMENTAL 

The stage-3 CrCl3-GIC samples were prepared from single crystals .of Madagascar 
natural graphite by vapor reaction of CrCl3 in a chlorine atmosphere (T = 800OC, Pc1= 
4 atm). Then, the stage-3 CrCl3-GIC was heated in the presence of CoC12 under the 
same reaction conditions that are required for the preparation of stage-1 CoC12-GIC (T = 
6OO0C, PCI = 3 atm). The so produced materials are pseudo-stage-1 GBIC with 
intercalate stacking sequence A/B/B/A where A = CrCl3, B = CoC12 and / = graphite 
layer. The synthesized samples were structurally characterized by (00 1) and precession 
X-ray diffraction techniques, revealing that, after intercalation, both the chloride layers 
and the graphite layers have kept the same crystallographic aspects as those found in the 
corresponding pristine materials. The composition deduced from analyses is C21 CrCl3 
(COC12)2. 

The magnetic properties were studied by SQUID magnetometry and a.c. 
susceptibility experiments (f = 127 Hz, a.c. field - 1 Oe). 

Neutron diffraction data (1 = 2.426 A) were recorded at eleven different 
temperatures from 1.5 to 20.6 K on the G4- 1 two-axis spectrometer of the Laboratoire 
b n  Brillouin. 

RESULTS AND DISCUSS ION 

Figure 1 shows the results of low-field (2.1 Oe) SQUID magnetometry measurements 
performed with the field applied perpendicular and parallel to the layers. Below 15 K a 
large hysteresis behavior is exhibited between the zero-field-cooled (ZFC) and field- 
cooled (FC) magnetizations, as in the case of the binary GIC's. The FC curve with H//c 
exhibits two peaks at 15 K and 10.5 K, with a shoulder at about 9 K. When H//a, the 
peak at T = 15 K has disappeared. These results are corroborated by a.c. susceptibility 
measurements (Figure 2). 

Figure 3 shows the neutron diffraction patterns obtained at 20.6 K and 1.5 K on 
a powder sample. The 20.6 K pattern is nuclear only and characteristic of a pseudo 
stage-1 GIC : all the Bragg peaks can be indexed either as (00 1) reflections of the GBIC 
(with 1 = 3n) or as (hkO) reflections of the intercalated chlorides. The selection rule for 
the (001) peaks (l = 3n) can be accounted for by a nuclear structure factor FN calculation. 
Taking a CrCl3 plane, as the migin of the C-axis, FN can be written as : 

where bi is the coherent scattering length. The third term is the most important 
contribution and is maximum for 1 = 3 n 

FN = b c ~  + 2 bCd12 cos (2d/3) + 7 bc [(-l)I + 2 cos (21~l/6)] 
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MAGNETIC ORDER IN A BI-INTERCALATION COMPOUND 

I11 , 
ZFC Fl 

-I . . .  , . . . . , . . .  ...% 

Figure 1 : The Z.F.C. and F.C. magnetization measured 
with the field applied (a) perpendicular and (b) 
parallel to the layers. 

[509]/ 107 

Figure 2 : The temperature dependence of the a.c. 
susceptibility parallel to the C-axis 
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(FN = bCclj + 2 bc&l2 + 2 1 bc (- 1)m for 1 = 3n and FN = b c ~ 1 3  - bc&l2 for 1 z 3n). 

As the coherent scattering lengths of CrCl3 and CoCl2 are almost equal, this GBIC with 
a period Ic presents the same neutron diffraction pattern as a stage-1 compound of 
period I d .  

At 1.5 K, some superstructure peaks appear which can be attributed to magnetic 
signals. Due to their weak intensity, the analysis was realized after substracting the 
nuclear contribution (20.6 K pattern). The peaks appearing at 2 8 = 7.5', 22.5' and 38' 
can be indexed, in a magnetic unit cell of period ICM = 2Ic. as (003). (009) and (0015) 
reflections, respectively. The intensities of these reflexions decrease with increasing 
temperature and become zero between 10 and 11 K (Figure 4). 

The determination of the magnetic order along the c-axis results from a magnetic 
structure factor calculation, assuming (i) colinear magnetic structure, with the magnetic 
moments perpendicular to the c-axis (ferromagnetic planes), (ii) identical magnetic 
moments on Cr3+ (S = 3/2) and Co2+ (S = 3/2) ions, (iii) identical in-plane 
concentrations in the Cr and Co layers. 

F ~ ( 0 0 1 )  = M x  EiexP(2iffz.?) with Ei  = f 1 (Figure 5). The FM.FM* quantity, 
directly proportihal to the observed magnetic intensities, then becomes : 
FM.FM* = 2M2 [3 + C1 cos (lcV3) + C2 cos (2x1/3) + C3 cos (nl)] with 

The magnetic smcture factor for (001) reflections can be written as : 

C1= Q + Eq + &@I+ E1&2 + E2E3 + E3&4 

C2 = &1 + &3 + w+ E1&3 + &2&4 + €&2 

c3 =&2 + w3 E l q  
The observed selection rule 1 = 6n f 3 leads to the unique solution : Q = &2 = &4 = -1 
and El = E3 = + 1, which means an antiferromagnetic order along the C-axis. 

Magnetic conmbutions are also observed on the (100) and (1 10) reflections of 
chromium chloride and (100) of cobalt chloride. These peaks present a Warren-type 
profile characteristic of a 2-D order, and this magnetic contribution is the signature of 
long-range ferromagnetic order inside Cr3+ and Co2+ planes. The temperature where 
this magnetic contribution disappears can also be estimated to be around 11 K. 

It can also be noted that the FWHM of the (001) magnetic peaks is larger than the 
instrumental resolution, which indicates an imperfect magnetic long range order. From 
the Schemer formula, the magnetic coherence length along the c-axis can be estimated to 
be roughly 110 A, i.e. about 12 magnetic layers, in agreement with values previously 
determined for stage- 1 CoC12-GICs3tl. 
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MAGNETIC ORDER IN A BI-INTERCALATION COMPOUND 

I " I 

Figure 3 : Neutron diffraction patterns (a) at 
T = 20.6 K, (b) at T = 1.5 K, (c) difference ( x 4 )  

2sm , 
I 

i 

I) 

Figure 4 : The temperature dependence of the intensity 
of the magnetic peak at 26 = 7.5" 
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Figure 5 : The magnetic unit cell : magnetic 
moment configuration (lines represent graphene) 
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lM (h k 1) nuclear cell 2 0 ("1 
1 (ow* 0.99 
4 (001)- 3.97 
6 (001)+ 5.96 
9 (ow- 8.94 

1 1  (ow+ 10.94 

Between 10.8 K and 15.6 K only one weak magnetic peak can be observed at 
20 = 6", which could be indexed as a magnetic satellite of the (001) nuclear Bragg peak 
with a modulation propagation vector k = (0,0,1/5). In such a commensurate magnetic 
unit cell (ICM = ~ I c ) ,  this peak is indexed as ( 0 0 6 ) ~ .  With the assumption of an 
helimagnetic structure (rotation angle = 2a/5), a magnetic structure factor calculation 
shows that the only existing ( 0 0 1 ) ~  peaks correspond to 1~ = 5n k 1 and have the 
following positions and intensities : 

+ 

IM (a.u.) 
lo00 

62 
27 
12 
8 

In such a situation, the (001) peak cannot be experimentally observed, due to its low 20 
angular position and the (004) peak can blend into the small angle magnetic diffuse 
scattering. 

Thus, the susceptibility peak at 15 K could be the signature of the appearance of 
an helical magnetic order, which in tum is transformed at 1 1  K into an antiferromagnetic 
ordering. It is worth noticing that the helical magnetic structure is in agreement with the 
magnetic susceptibility anisotropy. The ratio of the susceptibilities parallel and 
perpendicular to the helical axis is known5 to be related with the rotation angle of the 
magnetic moments. We found X J X ,  = 3.6 at 15 K, after correction for demagnetizing 
effects, which gives an angle of 69", in good agreement with the value of 72" deduced 
from neutron diffraction. 
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