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Spin Frustration Effect in Magnetic Graphite 
Intercalation Compounds 

MASATSUGU SUZUKI and ITSUKO S. SUZUKI 

Depurtment of Physics, State University of New York at Binghamton, Binghamton, 
New York 13902-6016 USA 

The magnetic phase transition of stage-2 C U , C O ~ . ~ C I ~  GIC’s has been studied using SQUID 
AC magnetic susceptibility. For 0.41cS0.9 the system undergoes a phase transition at T,, and 
a reentrant spin glass transition at TRsc (<T,I). For 0.9icSO.93 the system undergoes a spin 
glass transition at TSG from the paramagnetic phase to the spin glass phase. No phase transi- 
tion is observed for c = 1 at least above 0.3 K. The nature of reentrant spin glass phase and 
spin glass phase is examined from the frequency dependence of absorption f ’ .  

Keywords: spin frustration effect; spin glass phase: reentrant spin glass phase; random spin 
system; SQUID AC susceptibility 

INTRODUCTION 

Random mixture graphite intercalation compounds (RMGIC’s) provide model 
systems for studying 7D random spin systems [ 1-31, Depending on combination 
of two kinds of ions in the intercalate layers, various kinds of spin frustration 
effect result from competing intraplanar exchange interactions, leading to spin 
glass behavior. Stage-2 CucCol,CI2 GIC’s magnetically behave like a 2D XY 
random spin system with competing ferromagnetic and anti ferromagnetic short- 
ranged exchange interactions. In each intercalate layer C U ~ +  and Co2+ spins are 
randomly distributed on the triangular lattice, forming 2D random spin systems. 
The interaction between Co2+ spins is ferromagnetic. while the interaction be- 
tween Cu2+ spins is anlifenomagnetic. The interaction between Cu2+ and Co2+ 
spins i s  fenomagnetic. The sign of 0 changes around c = 0.8, indicating that the 
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2 MASATSUGU SUZUKI and ITSUKO S. S U Z U K I  

competition between intraplanar ferromagnetic and anti ferromagnetic exchange 
interactions occurs. 

In this paper we report the magnetic phase transitions of stage-2 Cu,Col. 
,Clz GIC’s (05~51) using SQUID AC magnetic susceptibility with various fre- 
quencies. The nature of the reentrant spin glass (RSG) phase for 0.41~10.9 and 
a spin glass (SG) phase is examined from the frequency (f), temperature (T), and 
field (H)  dependence of X”. The origin of RSG and SG phases is also discussed 
i n  terms of relevant theory. 

EXPERIMENTAL PROCEDURE 

The SQUID AC magnetic susceptibility of stage-2 CucCol.,C12 GlC’s with c = 
0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7. 0.8, 0.88, 0.9, and 0.93 was measured using a 

SQUlD magnetometer (Quantum Design MPMS XL-5) with ultra low field cii- 
pability. First the sample was cooled in zero magnetic field. Then the SQUID 
AC magnetic susceptibility along the c plane was measured with increasing T 
from 1.9 to IS K with and without H. Both an ac magnetic field with amplitude 
h (= SO mOe) and frequency f (= 0.007 - 1000 Hz) and an external dc magnetic 

field H (= 0 - 1 kOe) were applied along the c plane (any direction perpendicular 
to the c axis). 

HESUIJI’ 

Figure I shows the T dependcnce of x” for c = 0.8 at various f. The absorption 
x” has two peaks at TRSG (= 3 - 6 K )  and Tcl (= 9.20 - 9.30 K). The peak at TRSG 
shifts to the high temperature side with increasing f. Figure 2 shows the fdepen- 
dence of x” for c = 0.80 at various T in the frequency range 0.0071fSl000 Hz. 
Above 3.4 K x” has a peak, shifting to the higher frequency side with increasing 
T. This shift of local maximum indicates that the lowest temperature phase i s  a 
RSG phase. The broad spectral width of up to S.7 decades in frequency FWHM 
(full width at half maximum) (compared to a single time Debye fixed width of 

1.14 decades) reflects an extremely broad distribution of relaxation times. The 
maximurn of X” vs f provides a method for determining an average relaxation 
time T for each T: (of = I .  The inset of Fig..? shows the T dependence of T .  The 
relaxation time T dramatically increases with decreasing T in such a limited 
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SPIN FRUSTRATION EFFECT IN MAGNETIC GICS 3 

Stage-2 Cu,Co,,CI, GIC (c=O 8 )  
n 1 

2 

1 5  

1 

0.5 

0 

Stage-2 Cu,Co,,CI, GIC (c=O 8)  

O7 7 

03 

r: 
0 2  

0 1  

0 
2 4 6 8 1 0 1 2  o w 1 0 0 1  01 1 10 100 1000 

T(K) f (W 

FIGURE I X" vsT for  stage-? Cu,Co1. 
,CI? GIC with c = 0.8 at vanous f.  H = 
0. h = SO mOe. h 1 c. 

FIGURE 7 X" vs f for various T. c 
= 0.8. 

tcrnperature range. The most likely source for such a dramatic divergence of?  IS 
a critical slowing down. The least squares fit of our data to ? = ?o(T/T* - 
yieldsexponent x =  13.84 1.4andT* = 1.83 K+.0.21 Kforc=0.80.Notethat 
x = 8.5 I for c = 0.88. Figure 3 shows a scaling plot of x"/wY as a function of w?, 

where y = 0.0089 2 0,0003. I t  seems that almost all the data fall on ;I scaling 
function given by 

Stage2 Cu,Co, cC1z GIG (c=O.S) 

I 
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.! 
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001 01 1 la 100 

< 1 n  

FIGURE 3 Plot of x"/wY as a 
function ofwrforstage-7CuCCo1. 
J12 GIC with c= 0.8, where y = 
0.0089andr=ro(TIT*- with 
TO = 0.59 sec. x = 13.81, andT* = 
1.825 K: f =  0.01 (o), 0.05 ( )), 0.1 
(A), 0.5 (A), 1 (a). 5 (l), 10 (+). 50 
(0). 100 (v), and 500 Hz (V).The 
scaling functions given by Eq.( I )  
witha=0.7.0.75.and0.8arc also 
shown, where multiplicity con- 
stants are appropriately chosen. 
The inset shows a plot of 7 vs T. 
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with a = 0.75 2 0.05 for 0.011~~1100. 
For 0.9<c10.93 the system undergoes a spin glass transition at T ~ G  from the 

paramagnetic phase to the SG phase. No phase transition is observed forc = 1 at 
least above 0.3 K because of the fully frustrated nature of 2D antiferromagnet 
on the triangular lattice. Figure 4 shows theT dependence ofx" for c = 0.93. A 

singe peak at TSG shifts to the higher temperature side with increasing f. Figure 
5 shows the f dependence o l  X" for c = 0.93. This f dependcncc is rather differ- 
ent from that for c = 0.8. The absorption X" decreases with increasing f below 
5.9 K. Above 6.3 K i t  shows a peak, shifting to the higher frequency side with 
increasing T. Figure 6 shows the T dependence of X" with various H along the c 
plane. The peak of X", Tsc;, shifts to the low temperature side with increasing H. 
The least squares fit of the data of TSG vs H to the form H = Ho[I-T~G(H)/ 
Tsc;(H = 011" yields a = 3.56k 0.38. This exponent a is much larger than that (= 

1.5) predicted by Almeida-Thouless [4] for the H dependence of freezing tem- 
perature at thc transition between the paramagnetic phase and the SG phase. 
Note that a = 1.26 2 0.02 for c = 0.8. The dramatic increase  of^ with decreasing 
T around TSC, cannot be explained by a conventional critical slowing down. 

Stage-2 Cu,Co, ,Cl, GIC (c=O 93) 
I I 

4 5 6 7 8 9  

T(K1 

FIGURE 4 K" vs T for various f. c = 
0.93. h = SO mOe. h 1 c. 

Stage-2 Cu,Co, &I, GIC (c=O 93) - 
001 0 1  1 10 100 1m 

f(Hr1 

FIGURE 5 x" vs f for various T. c 
= 0.93 
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SPIN FRUSTRATION EFFECT IN MAGNETIC GICS 5 

Stage-2 Cu,Co, cCI, GIC (c=O 93) Stage-2 Cu,Co,,CI2 GIC 
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FIGURE 6 2’ vs T for various H. c = 
0.93. H I c. f = I Hz. h = SO mOe. 

FIGURE 7 Magnetic phase diagram 
of stage-2 CucCol.,CI~ GIC’s, 
where peak temperatures of X” at f 
=0.1 HzareplottedforeachCucon- 
centration. 

These rcsults suggests that the nature of SG phase below TSG i s  essentially dif- 
ferent from that of RSG phase below TRSG. 

DISCUSSION 

Figure 7 shows the magnetic phase diagram of stage-? CucCoi~,C1~ GIC’s. For 
0 5 ~ 5 0 . 3  the system undergoes two phase transitions at Tcu and Tcl (T,+Tci). 
Below Tcu a 2D ferromagnetic order is established in each intercalate layer. 
Below T,I there appears a 3D antiferromagnetic phase with the 2D ferromag- 
netic layers being antiferromagnetically coupled along the c-axis. For0.45cM.9 
the system undegoes a phase transition at T,I and a RSG transition at T R ~ G  
(<Tci). The value of TRS(; is almost independent of Cu concentration. For c = 
0.9 to 0.93 the system undergoes a spin glass transition at Tsc;. For c = 1 n o  
phase transition is observed at least above 0.3 K, partly because of the frustrated 
nature of the 2D antiferrornagnet on the triangular lattice. 

Kawamura and Tanemura [5,6] have made a Monte Carlo study on the spin 
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6 MASATSUGU SUZUKI and ITSUKO S. SUZUKI 

ordering process of the 7D & J plane rotator (XY) model on the square lattice, 
where c is the concentration of AF bonds and I-c is the concentration of F bonds. 
For c = 0 the system undergoes a Kosterlitz-Thouless (KT)-like transition at T = 

J .  For c = 0.5 the system shows a novel type of SG transition into a chiral SG at 
T = 0.3 J ,  which is characterized with the existence of frozen-in vortices. The 

nature of chiral SG is not sensitive to the concentration c. For c< co (<0.25) the 
reentrance phenomena are observed with the high temperature KT phase and the 

low temperature chiral SG phase. The Cu concentration in our system does not 
coincide with the concentration of antiferromagnetic bonds in  the above theory, 

because J(Cu-Co) i s  fei-romagnetic. The lattice form of our system is different 
from that in the theory. The effect of interplanar interaction on the phase transi- 

tion is not also taken into account in the theory. In spite of such differences, our 
result is qualitatively in good agreement with the prediction from the theory: ( i )  
TRSG i s  almost independent of Cu concentration, and ( i i )  the magnetic phase 
diagram consists of the ferromagnetic (FM) phase for c10.3, the high tempera- 
ture FM phase and low temperature RSG phase for 0.4<c<0.9, and a SG phase 

for 0.9<c10.93. 
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