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In-plane resistivity in graphite intercalation compounds obtained
from conduction-electron-spin-resonance measurements
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We developed a procedure to take advantage of the magnetic-field-modulation-frequency effect on the
line shape of conduction-electron-spin resonance of graphite intercalation compounds (GIC’s) to extract
the absolute value of the in-plane resistivity. We calculated the power absorbed in each slice of the sam-
ple normal to the wave penetration, multiplied by a factor to account for the magnetic-field-modulation-
frequency effect. Room-temperature spectra of stage-1 AlCl;-intercalated GIC in both Hylc and Hy)|c
configurations were fitted to the theoretical line shapes and the value of in-plane resistivity (and also the
value of c-axis resistivity) obtained from the fitting parameters are in reasonable agreement with those

from the literature.

INTRODUCTION

Graphite intercalation compounds (GIC’s) have been
extensively studied by means of conduction-electron-spin
resonance (CESR). The room-temperature spectra are in
general very intense, showing a Dysonian line shape and
an isotropic g value.!

Due to the large resistivity anisotropy of GIC’s
(p./pa~10°~10% in acceptor compounds) care must be
taken in choosing the sample dimensions in order to
correctly analyze the electrical transport data obtained
from the Dysonian line shape.

In Fig. 1 we have a typical GIC sample of height 4,
width / and thickness d. We see that the microwave mag-
netic field (H,) penetrates by the (4,d) faces. Since E, is
parallel to the c axis, the skin depth is governed by the c-
axis resistivity (8%). We will use I, to denote the intensi-
ty of the resonance observed in this configuration. Mi-
crowaves can also come from (/,h) faces, in which case,
the skin depth is governed by the in-plane resistivity (&%)
and we will use I, to denote the observed resonance in-
tensity. We neglect the intensity of the resonance corre-
sponding to microwave penetrating from the small (d,/)
surfaces. Sample thickness and resistivity anisotropy will
determine the most important contribution to the reso-
nance intensity. We can therefore use
I,/1.=(18%)/(d8%)>>1 I, /1. <<1) as a criterion for as-
sociating the observed resonance with I, (thin sample) [,
(thick sample)].?

If the resonance is associated with I,, we can analyze
the line shape in terms of Dyson’s one-dimensional
theory,’ taking Dyson’s parameters A=d /384 and
R =84/(2D,T,)"?, D, being the diffusion constant along
the ¢ axis and T, the spin relaxation time. In this case
since d >>8" the application of Dyson’s theory allows
only the determination of R (and D, ) from the Dysonian
line shape.'

If the resonance is associated with I,, we can use
Dyson’s one-dimensional theory, taking Dyson’s parame-
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ters A=1/8" and R =8"/(2D,T,)'’?, D, being the in-
plane diffusion constant. Now we can have / ~ 8% and the
application of Dyson’s theory to the line shape yields ei-
ther A (if A<2.5),or A and R (if 2.5<A<8for R>1 or
2.5<A =30 for R =0.5). A more complete discussion of
the effects of geometry and configuration on the CESR
line shape of GIC’s can be found in Ref. 2.

In studying the CESR line shapes of AsFs-intercalated
GIC’s, Saint Jean et al.* reported the line shape depen-
dence on the magnetic-field modulation frequency in the
configuration in which the static magnetic field is parallel
to the ¢ axis of GIC’s (Hg|lc). The line shape in the
configuration (Hg|lc) differs from that in the
configuration (Hylc) for high values of the magnetic-field
modulation frequency. In contrast, for low values the
line shapes for both configurations coincide.

In Ref. 2 we qualitatively explained this effect that can
be observed only in thick samples of GIC’s with high-
resistivity anisotropy. It can be understood if one looks
at the configuration of Fig. 1 (for thick samples) to ob-
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FIG. 1. Configuration of microwave electric (E,) and mag-
netic (H,) fields and modulation electric (E,,) and magnetic
(H,,) fields. We assume that the penetration occurs only in the
direction parallel to the width of the sample (z direction).
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serve microwave penetrating with skin depth &¥. The
slow oscillating (v,, <100 kHz) modulation magnetic
field (H,,) will always be parallel to the static magnetic
field Hy,. Consequently, the penetration of the modula-
tion field will be determined by 87 for Hylc and by 87 for
Hj|lc. For Hylc, the skin depth for the magnetic-field
modulation frequency of 100 kHz will always be larger
than usual sample dimensions [67(100 kHz)> 30 mm]
and so the sample will be homogeneously modulated and
no magnetic-field modulation frequency effect will be ob-
served. But for Hy|c and frequencies in the range
10-100 kHz, we have 67 < 6%~1 and the detected signal
arises from an inhomogeneously modulated sample. The
higher the modulation frequency, the stronger is the
effect. As it is expected, the line intensity is also affected,
decreasing with increasing modulation frequency. In this
work, we developed a procedure to take into account
quantitatively the magnetic-field-modulation-frequency
effect on the CESR line shape so as to obtain the in-plane
resistivity p,.

DESCRIPTION OF THE METHOD

In order to obtain the CESR line shape of a thick GIC
sample, we use Kaplan’s theory’ applied for a symmetri-
cal penetration of microwave field. This theory gives the
same results as Dyson’s and is easier to handle. Both
theories calculate the power absorbed by the sample by
taking the real part of the complex Poynting vector taken
just outside the surface of the sample. For obtaining the
frequency-modulated power we need the power absorbed
in each slice of the sample normal to the microwave (and
modulation field) penetration direction. This power is
multiplied by a factor to take the magnetic-field modula-
tion frequency into account, having each slice of the sam-
ple contributing to the line shape with a different weight.
Thus the line shape must be obtained from a volume and
not from a surface calculation. This can be accomplished
by using the Poynting theorem:

J, S-nda=—%fuudv—fUJ-Edv ,

where S=(c/4w)EXH) is the Poynting vector,
u =(1/87)(E-D+B-H) is the density of electromagnetic
energy, and J-E is the Joule heat.

In Fig. 1 we show the configuration of the microwave
fields E, and H, in a typical GIC sample. We assume the
spatial variation of the fields in the z direction only. For
our GIC sample we have H,=E, =0 but we can write in
a general form:

uM(z)=—Sl;[Bx(z)Hx(z)+By(z)Hy(z)] ,

where B, (z)=H,(z)+47M,(2).

For obtaining H,(z), M, (z), H,(z), and M, (z) we solve
the same equations that Kaplan did for the transverse
components of magnetization, together with Maxwell

-7{10

equations neglecting the displacement current:

oM M 2
—_—= XH——+DV‘M,
3t YyMXH T, v
—_1|oH M
VXE= e |7 + ot ] > (1)

(VxH), =L 50,8,
J

where 7 is the gyromagnetic ratio, T, is the spin relaxa-
tion time, D =D, is the in-plane diffusion constant, and
0 ; is the conductivity tensor.
Considering the x and y components of M, H, and E
varying in a symmetric form as e'“’cosh(kz) and defining
M=M,—iM,, #=H,—iH, R*=8&/(2DT,),
K?=k*?/(2R?),

a=Ty(w—awy), B=XowoT; ;

where §=©5 is the microwave skin depth governed by c-
axis resistivity and Y, is Pauli susceptibility.
Equations (1) are solved to give the values of K2:

K3 =(c,/2)[1+(1—4c,/c})"?]

and

Ki=(c,/2)[1—(1—4c,/c})?],
where

¢;=1+i(a+1/R?)
and

c,=(1/R®)[4nB+i(1+ia)] .

For symmetric penetration we write F(z)=%,+%#,
= A cosh(k,z)+ A,cosh(k,z). Since for this field the
magnetization is linear with the field, we write

M=M,+M, ,
where
M, =v,H,
and
v,=—i(K}—i/R? /(4w /R?) .

For the geometry described in Fig. 1 we apply boundary
conditions

_7{(2__.—'1/2):?[10
and

an (z=-—1/2)=0,
dz

where #,, is the microwave magnetic field at the surface
of the sample. We obtain

A= {cosh(k,z)[1—(v,k, /v,k,)tanh(k I /2)coth(k,l/2)]}
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and

A,=— (v k; /v, k,)[sinh(k1/2)/sinh(k,[/2)]A4, .
Now we write the temporal variation of the magnetic en-
ergy:

d . 172 .
E;UM=21co0ha’ IfamuM(z)dz exp(2iwyt) .
We have #*=H,+iH, and H,(z,t)=H,(z)expliogt).
Then

HXz,0)+ HXz,t)= L(HH* +F*F)=Re(HH*) =29 .
F# is the temporal mean of #2 in a period T =27 /w,.
To obtain the power dissipated as Joule heat, we use

Ampere’s law:
ic  OH
470, Oz
We have taken o, for the conductivity, since the mi-
crowave electric field is in the c-axis direction. In the

configuration of Fig. 1 we have E, =0 but we can also
write in a general form the instantaneous power dissipat-

6=E,—iE,=—

c

P=Re((

—wohdl /4m){i A}(1+4mv,)[1+sinh(2u)/(2u)]+ A3(
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ed as Joule heat:
= —o . hd [ " 12

Defining 6* =E, +iE, we can write again

)=HEE*+E*6E)

=Re(66*)=267 .

&2 is the temporal mean of &2 in a period T. Thus we

write for the power absorbed, dropping the bar, and

neglecting the electric energy:

—iwghd
2T

—a;ohdis2 172
X— 2
4 {f_1/22€ dz]

After carrying out the integration over z and making the
change of variables: u =k l/2, w=k,Il/2, and A=1/8,
we obtain

(z2)+EX(2)]dz |exp(2iwgt) .

E}(z,1)+EX(z,t

P=Re

([ 2tz tan [ amztaz |

(2)

1+4mv,)[1+sinh(2w) /(2w)]

+ A, A,[2+4m(v, +v,)][sinh(u +w)/(u +w)+sinh(u —w) /(v —w)]}

+(1/A%){2 4%u
+2A4, Ayuw [sinh(u

2[sinh(2u)/(2u)—1]+2 A 3w?

[sinh(2w)/(2w)—1]
+w)/(u +w)—sinh(u —w) /(v —w)]}) . (3)

This expression can be simplified to give to first order in (v, /v, ):

A2

v vy
— L |+ —Lu%tanh?(u)
Uy

P=Re
5

coth(w)

| @

To first order in (v, /v,) this expression is the same obtained from Kaplan’s equation (14) taking tanh(x)—1 and

coth(w)—1 since d — « in Kaplan’s asymmetrical case.

Now we can obtain the modulated power if we multiply expression (2) by a factor A4,,cosh(k,,z), where 4,,
=(1+1i)/67. After carrying out the integration over z we obtain the modulat-
ed power, taking t =k, 1/2=1(1+i)A,,, where A,, =1 /8"

amplitude of the modulation field and &,

P,, =Rel(—iwghdl A,, /4TA*){2 Aju
+24%w

is the

2[sinh(2u +1)/(2u +1t)+sinh(2u —1)/(2u —1)]
2[sinh(2w +1) /(2w +¢)+sinh(2w —1) /2w —1)]

+ A, Ay(u +w)*[sinh(u +w +1)/(u +w +1)+sinh(u +w —1)/(u +w —1)]

+A,4,(u

THE NORMAL LINE SHAPE

To obtain the CESR line shape we have taken the
derivative of expression (3) with respect to w and we have
plotted the line shapes in a computer as a function of R
and A. As expected, we found the same line shapes of
Dyson’s theory or Kaplan’s symmetrical case. Fitting
the experimental spectra of GIC’s in the configuration
Hylc (no magnetic-field-modulation-frequency effect) to
the theoretical line shape allows us to determine the

—w)*[sinh(u —w +1) /(4 —w +1)+sinh(u —w —1)/(u —w —1)]}) . (5)

f

values of R and A. From the values of A and from v, (mi-
crowave frequency) and / (width of sample) the c-axis
resistivity can be obtained:
v, Irvaug
Pe= 2 (mks) .

This procedure was applied by Walmsley et al.® to
SbCls-intercalated GIC’s and applied to AlCl;-
intercalated GIC’s by Walmsley and Rettori.’
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FIG. 2. (a) Room-temmperature CESR spectrum of stage-1
AlCl;-intercalated GIC for Hylc(*) fitted to the normal line
shape (solid line). Sample dimensions are d =0.6 mm, [/ =2.2
mm, and A =7.0 mm. The fitted parameter is A=2.4. (b)
Room-temperature CESR spectrum of stage-1 AlCl;-
intercalated GIC for Hyllc and v,, =100 kHz(%*) fitted to the
modulation-effect line shape. The sample is the same as (a).
The fitted parameter is A,, =4.4 with A=2.4.

THE MODULATION-EFFECT LINE SHAPE

The line shape obtained taking the derivative of expres-
sion (5) with respect to @ was computed as a function of
R, A, and A,,. As expected, for small values of A,
(A,, =0.1) the modulation-effect line shape coincides
with the normal one. This result is in agreement with the
fact that magnetic-field-modulation-frequency effects are
not observed for low values of v,,. Also, the experimen-
tally observed behavior of A4 /B ratios, decreasing with
increasing modulation frequency,? appears from the cal-
culated line shapes.

The CESR spectra of GIC’s in the Hy||c configuration
which are affected by the magnetic-field-modulation-
frequency effect, are fitted to the modulation-effect line
shape, in order to determine the value of A,,, since the
values of R and A must be determined from the spectra in
the Hylc configuration. From the values of A,,,v,,
(magnetic-field-modulation-frequency) and / (width of the
sample) the in-plane resistivity can be obtained:

_ Izﬂvm Ho

Pa= 2 (mks) .
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TABLE 1. Room-temperature in-plane (p,) and c-axis (p.)
resistivities in stage-1 AlCl;-intercalated GIC.

9.91+0.1 3.8-4.6 6.3-6.9
Pa CESR data Ref. 9 Ref. 8
(uQcm) (100 kHz) (10-40 kHz) (dc)
3.1+0.1 1.58-2.58
Pe CESR data Ref. 9
(Qcm) (9 GHz) (dc)

RESULTS FOR AICL;-INTERCALATED GIC’s

The procedure described in this work for determining
p. and p, was applied for the room-temperature spectra
of a thick sample of stage-1 AlCl;-intercalated GIC, in
the Hylc (no magnetic-field-modulation-frequency effect)
and Hy||c configurations, with modulation frequency of
100 kHz. For this sample we observed a very neat
magnetic-field-modulation-frequency effect on the shape
and on the intensity of the line. Moreover, the linewidth
for this compound is homogeneous'® so we can rely on
the information obtained from the line shape. Details of
the sample preparation, characterization, and EPR mea-
surements were described in Ref. 2.

Figure 2(a) shows the room-temperature spectrum of
stage-1 AlCl;-intercalated GIC for Hylc fitted to the nor-
mal line shape. The value of p. obtained from the A pa-
rameter is shown in Table I. This value of A (A=2.4) is
in the range (A <2.5) in which case the line shape does
not depend on the R parameter.’

Figure 2(b) shows the room-temperature spectrum of
the same sample of stage-1 AlCl;-intercalated GIC for
Hy||c and v,, =100 kHz fitted to the modulation-effect
line shape. From the parameter A,, we calculate p,
(Table I). The value of A was taken from the fitting of
Fig. 2(a).

CONCLUSIONS

We have shown that the magnetic-field-modulation-
frequency effect on the CESR line shape of graphite inter-
calation compounds in the Hy||c configuration can be ob-
tained theoretically, using Kaplan’s theory as a starting
point. We show that the in-plane resistivity can be ob-
tained from a fitting of the experimental spectrum with
the theoretical line shape. The values of in-plane and c-
axis resistivity that we obtained for our sample of stage-1
AlCl;-intercalated GIC from CESR measurements are in
reasonable agreement with the values obtained by Bach
and McRae for their samples from dc and inductive
methods.
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