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A MODEL FOR SUPERCONDUCTIVITY IN GRAPHITE INTERCALATION COMPOUNDS.

R. Al-Jighi!
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Department of Physics and Center for Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
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ABSTRACT

The observed superconductivity in the stage 1 graphite-a\

intercalation compounds (GICs) is modeled using both graphite

intercalate s-bands. The anisotropy observed in the superconducting

properties is explained in terms of- the anisotropy of the Fermi surfaces of

the GICs
7N

PACS index: 74.20.Fg,
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INTRODUCTION

Superconductivity in stage 1 alkali-metal graphite intercalation compounds

TR A

5

(GICs) (CgK, CgRb, CgCs) was first reported by Hannay et al.! The highest
transition temperatures reported by these authors were 0.55 K for CgK, 0.15 K
for CgRb, and 0.135 K for CgCs. Superconductivity in CgK was more recently

3 reexanined in a detailed study by Koike et al.2 and by Kobayashi et al.? A

? range of transition temperatures have been reported for these compounds. For
‘ | example, 13 samples of stage 1 K-GICs prepared from HOPG were investigated by
a ' . Koike et al.2 for which the transition temperature ranged from 0.128 K to
0.198 K, with T, values considerably lower than those reported previously by

- Hannay et al.1 Kobayashi et al.3 found a transition temperature of 0.15 K for

their Cgk samples prepared from HOPG. The higher stage alkali-metal GICs, as

eaiaakatnll

well as stage 1 Cgli, have been investigated for superconductivity but no
superconducting transition has yet been reported.* The dependence of the
transition temperature on 1n—pla;e intercalate concentration has not yet been
studied in detail, but evidence to date’ indicates that T, decreases slowly

with decreasing intercalate concentration until some critical concentration at

hat

which T, vanishes. The most important feature of alkali-metal GICs is that

P L. R R
T o

they are formed from components that are not by themselves superconducting tut

L B

nonetheless upon intercalation the compound exhibits superconductivity.

-

;; Superconductivity has also been reported for other GICs, but it is only for

f stage 1 alkali-metal GICs that the intercalant is not by itself

P superconducting.

% More recently, Alexander et al.® observed anomalous behavior in the

" temperature dependence of the specific heat of stage 2 potassium-amalgam GIC,
CgKig, at 1.93 K. This anomaly was interpreted as the onset of a superconduc~
tive transition. The superconducting state was later confirmed by Koike and

¢
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Tanuma’ and by Peﬁdrys et al.8 through the observation of a Meissner effect.
A superconducting transition was also discovered in stage 2 CgRbHg at 1l.44 X
by Pendrys et al.® and Alexander et al.? The stage 1 compounds C4KHg and
C4RbHg were found by Iye and Tanumal? to undergo a superconducting transition
at 0.73 K and 0.99 K, respectively. Recent experiments by Tedrow and Timpl!
observed T, = 1,65 K for a well ordered (v¥3 x v3)R30° stage 1 potassium-
amalgam GIC. The difference in superconducting transition temperature in the
stage 1 compounds is attributed to differences in the in-plane
stoichiometry.ll

The superconducting GICs exhibit a high degree of anisotropy with regard
to their behavior in an applied magnetic field. The anisotropic properties
are well described in terms of an effective mass model for superconductivity.
By measuring the magnetic susceptibility as a function of the magnitude and
direction of the applied magnetic field (6 is the angle between the applied
magnetic field and the c-axis), Koike et al.2 found that for 0 < & < 65°, CgK
behaves as a type 1 superconductor which shows magnetic flux exclusion,
wvhereas for 65° < 8 < 90°, it behaves as a type II superconductor which allows
magnetic flux penetration. The estimated ratio of the in-plane coherence
length to the c-axis coherence length for CgK is /8y ~ 5; The anisotropy in
the graphite-potassium smalgam compounds is even higher, with the ratio of the
Abaul to c-axis coherence length g, /fy being > 10 for stage 1 compounds and
> 20 for stage 2 compounds.l?® '

Recently, a model for superconductivity in graphite-alkall metal compounds
was presented by Takada.l2 In the Takada model, the mechanism for supercon-

ductivity was assumed to be the electron-polar phonon interaction, and the
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anisotropy of the coherence length was ascribed to anisotropy in the
electron-phonon interaction. The calculated anisotropy in the Takada model is
EL/EI ~ 1.3 which is considerably smaller than the experimental value of ~ 5.

In the next section, we pregent a different model for superconductivity in
alkali-mstal GICs which can explain the large anisotropy in the superconduct-
ing behavior. In our model, the known anisotropic electronic band structure
is included and the -electron-phonon interaction is assumed isotropic. We
shall show that the anisotropy of the electronic band structure is the main
factor contributing to the observed anisotropy of the superconducting behavior
in an applied magnetic field. The model also explains the absence of

superconductivity in CgLi and in the higher stage alkali-metal compounds.

MODEL FOR SUPERCONDUCTIVITY IN GICs

In the superconducting GICs reported to date, the intercalate species acts

‘as a donor and hence there is a transfer of electrons to the graphite layers.

The value of the fractional charge transfer is estimated to be ~0.6 in first
stage compounds of K-GIC.l13:l% This incomplete charge transfer results in an
electronic band structure which can be regarded as a superposition of
approximately two dimensional graphite gn-bands with a cylindrical Fermi
surface along the HKH axis and an almost spherical Fermi surface asséciated
with the alkali-metal s-band centered at the I' point of the pristine graphite
Brillouin zone. The small hybridization of the graphite n-orbitals with
intercalant orbitals at the Fermi surfacel3 suggests a role for the highly

anisotropic n-electrons in the superconductivity mechanism.
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;: dominant terms in the Hamiltonian for this interaction is given by

—

i H =2 ek Cks' Ciks + 2 e Ciex Cien + 2 zl{‘:ku Coigy T Cokay Cket + H.C.)
7 (1)
SN

' where ey and ey, are the energies of electrons in the s- and n-bands
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The :ldent:l.tf of the band electrons which contribute to superconductivity
is the central issue in understanding the mechanism for superconductivity in
GIC.IS. The s-band is nearly isotropic so that if only the s-electrons were
responsible for superconductivity then a nearly isotropic behavior would be
expected. On the other hand, if the r-electrons are solely responsible for
superconductivity then Cgli would have a superconducting transition tempera-
ture appréx:l.utely ten times higher than that of CgK. This estimate is based
on the higher density of states at the Fermi surface in Cgli. However, Cgli
does not show superconductivity down to temperatures ~0.l K.*

Superconductivity in GICs has not yet been fully characterized experiment-
ally so that a unique model cannot yet be firmly established. However, the
model discussed in this papor':u shown to account for the experimental data
available at this time. More complete experimental characterization of the
superconducting state may require some modification of the model.

the experimental observations summarized above suggest a model which
assunes that the coupling between the intercalate s- and graphite n-electrons
gives rise to the observed superconducting transition. The model for
superconductivity is based on a coupling ofICooper pairs on different Fermi
surfaces, as was previously developed by Suhl et al.l6 who considered the

effect on superconductivity of the interaction between s- and d-electrons in
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respectively whose wave vector is k, and A is the coupling parameter between
the s- and x-electron pairs, A\ is assumed to be a constant, and H.C. stands
for the hermitian conjugate. The finite temperature Greens functions are

defined by:l7
. 84(kyt) = = < T { Cryqlr) CTiaa(0) } > (2)
Pi(kye) = = < T { Choyy,(x) Clyqa(0) } > (3)

where Cyy,(t) {cfm(t )} is the annihilation {creation} operator for an
e.lcctron of wave-vector ky and spin g, 1 = 8, n and <...> represents thermal
averaging, T is the time ordering operator and ¢t is an 'imaginary' time,

defined by the equation

Cig(t) = exp[(B = pN) t/h] Cpy,(0) exp[~(H - pN) t/h] (4)

in which p is the chemical pot.ntig. N is the total number of electrons, and
H is the Hsmiltonian given in Eq. 1.
For the Hamiltonian of Eq. 1, the Fourier transforms of the finite
temaperature .s- and x-Greens functions defined in Eq. 2 are given by
=h (1hug + Seyg) |

8s(kyup) = . : (5)
h? wp? + epg? + |ag]2

=h (im“ + éﬁki) )
(kywp) = ' 6
= M ug? + Seng? + Iog? |

where dekg = €kg ~ U» OC€kx = €Eky — i 8nd wp = (2n+l1)nkpT/h, kg being the

Boltzmann constant and T is the temperature. The superconducting energy gapé

......................
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Ag and Ay are given by . .
g =2 I FT(k,0 7
ke
Ag =2 1 Fgl(kg,0) (8)
kg .

in which F is defined by Eq. 3.
The form of the Greens finct:lonsvzqs. (5) and (6) implies that the system

could be decoupled in terms of s- and n~Fermi surfaces, each having its own
Cooper pairs and own energy gap. This decoupling results from the functional

form of the Hamiltonian and leads to a two gap system where the gap conditions

are coupled and are given by

Ay
Ag = A kpT ) 9)
wnoky 12 wp? + Begg? + |ag |2 )

Ag

Ag = A kpT ) (10)
_unoky 12 wp? + Sexg? + |Ag)?
At the superconducting transition temperature T,, both Ag and A, vanish
simultaneously, and the expression for T, is found to be
KT ~ b we exp{=1/ |\ | [Ng(0)N:(0)]1/2) (11)

where we 1s a cutoff frequency (the Debye frequency), and Ng(0) and N, (0) are

respectively the densities of states at the Fermi surface of the s- and

=x-bands.




g_- ‘. It should be mentioned that in this model, superconductivity exists even

d i1f the net coupling between electron pairs is repulsive. Moreover, neglecting

s the intra-band interactions does not mean that they are weaker than the inter-

7 band interactions, but merely that they do not give rise to superconductivity,
and.ean thﬁa be accounted for by renormalizing the electron mass in the s- and

n-bands separately. The interband scattering is then that betwsen the s- and

LB
x5

occupied in theése stage 2 compounds.

§ x-quasi-electrons. According to Eq. (11), T.*0 as Ng(0)+0 or Ni(0)>0, which
ﬁ- -implies that the absence of superconductivity in CgLi is due to the complete
% charge transfer to the graphite that makes Ng(0) vanish. In stage 2 K-GIC,
‘g the density of states N, (0) is lower than in stage 1 by a factor estimated to
be ~8.7/5.35, thus giving a transition temperature an order of magnitude

i« susller than in CgK even if the s-band is considered to be appreciably

ELECTRODYNAMICS OF SUPERCONDUCTIVITY IN GICs

In this section we apply the microscopic theory presented in the previous
section to calculate the supércondncting coherence length. Based on this
estimate, standard results of phhnomenological Ginzburg-Landau (GL) theoryl®8

are used to calculate the experimental parameters of the gsuperconductivity in

. GICs.
At T = 0, the coupled gap equations, Eqs. (9) and (10) reduce to

An

Ag =A/2 ] (12)
Ky  (Begg? + lag]2 )1/2

. oy

Ag =A/2 ] . (13)
L ~.}’__‘ oy ¥ ,T"""—.,'_'}" ) .“- o "'..”_.t_. ......... SRR o '..:_‘ ........... '._.\‘ N
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In Eqs. (12) and (13) the sum over k-space is converted to an integral over
energy which is taken up to a maximum cut-off energy hy, (e.g. w. ~ Debye

fraquencf). After integration we divide Eq. (12) by Eq. (13) to get
ag° N (0) 1n(2uwc/Ag)
7~ (14)
Ax Ng(0) 1n(2wc/Ag)

where the cut-off frequency we >> Ag, Ay. For stage 1 K~GIC, the s-band is
treated a.s spherical with a Fermi radius kp ~ 4.7 x 10’ cm~! and the x-
electrons have a linear dispersion given by

€y = VF P - €F (15)
vhere the Fermi velocity vp ~ 9.7 x 107 cm/sec and p is the electron momen-
tum.l2 The x-electron Fermi cylinder has a c-axis length of 2x/I., where
Io = 5.35 A for stage 1 K~GIC. For this model, we have
Ng(0) » N;(0) = 2 x 1033 (cm™3 erg™l). Equation (14) then implies that
Ag » Ay » 2kpTo. The Pippard coherence lengths of the s—- and n-bands are
estimated!? as £og » 0.15 hvg/kpT. ~ 40,000 A in which vg is the s-electron
Fermi velocity. Similar estimates give £,, ~ 70,000 A.

If a magnetic field is applied perpendicular to the c-axis, then the
superconducting current is the s-band currént since the n-electrons are two-
dimensional and thus cannot contribute to a current in tixe z-direction. The
critical field is thus totally determined by the s-band parameters. To
calculate the electron mean free path in the s-band, we note that the c-axis
conductivity in CgK at 4 K is estimated to be ~105 (Qem)~l. Since the
x~electrons do not contribute to the c-axis conductivity, we assume that this
contribution is due only to the s-electrons. Thus, the s-electron mean free

path, g 1is given by L4 » mgvgo/nge? » 540 A where mg, vg and ng are the

PR S
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s-electron mass, Fermi velocity and density, respectively. Since the s-band
is nearly isotropic, we can take fg to be isotropic. Thus, if the magnetic
field is ipplied perpendicular to the c-axis, the superconductor is in the
dirty limit because g << Eog. The London penetration depth is given by

AL(0) = {lscz/bnnsez}llz ~ 1000 A. For dirty superconductors, the Ginzburg-
Landau parameter ¢ 1s given by'8 ¢ ~» 0,715 A (0)/ <~ 1.3, Since x > l/v2, the
supercondﬁctor is type 1I for magnetic fields in the plane of the graphite.
The GL coherence length at T=0 is £(0) ~ 0.9 VEol, where £, is the Pippard
coherence length and £ is the electron mean free path.l® Then the upper

critical magnetic field Hyp is:

Hep = 0o/ [27E(0)2] = 90/1(0.9)2 27 Eogls] (16)

in whichp o » 2.07 x 10~7 gauss cm? is the flux quantum,
Using the approximationl8
£ (T) » 0.855 {(Eo0)/(1 = T/Te)}1/2 (17)
which holds for temperatures near T,, we find that at T = 2T./3 the critical
magnetic field is H,o(T=0.67T,) ~ 8.5 gauss. Experimentally the value of
He2(T=0.67T,) 1is found to be ~12-19 gauss for CgK when the magnetic field is
applied perpendicular to the c-axis?.

On the other hand, if the magnetic field is applied ﬁarallel to the
c-axis, then the current is basal and both s- and n-electrons contribute to
the current. Since the in-plane conductivity of CgK at 4 K 1s20
o~ 107 (Qcm)'l, and it is mainly due to n-electrons, the mean free path-qf
the x-electrons L, 18 very large and is comparable to the coherence length f..

Thug in the field orientation H 1 c-axis the superconductor is not in the

dirty limit. Because %; >> g, it follows that the nx-electron supercurrent is
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dominant. The penetration depth is then determined by the n~electron
parameters. Therefore, in this case, A (0) ~ {myc2/4nn e?}1/2 » 400 A where
my is taken as ~0.25 my, m, being the free electron mass. Since A1 (0) << &,

the superconductor behaves as type I. The critical field is then calculated
by 2 2 2

Ho(0)" = 4n [Ng(0) Ag” + Np(0) 84°) & (18)
Using Ng(0) ~ N (0) » 2 x 1033 cm™3 erg™l, Ag ~ Ay = 2kpT, where T, ~ 0.15 K,
Ho(T=0) is found to be ~9.3 gauss. At T = 0.67 T., the critical field is
given by Ho(T = 0.67 To) » Hc(o)[l-(T/Tb)zl ~ 5.2 gauss. This value for
Ho(T=0.67 T.) agrees very well with the experimental values of 5 to 7 gauss.?
The results of the above analysis thus show that our model explains very well
the observed anisotropy in the critical field in terms of the anisotropy of

the electronic Fermi surfaces of alkali-metal GICs.

DISCUSSION AND CONCLUSIONS -

Although the detailed estimates carried out in the previcus section were
specific to CgK, the model presented in this paper is generally applicable to
other superconducting GICs, such as potassium- and rubidium-amalgam GICs. At
present, however, there are no detailed band structure calculations for these
compounds. Experimental work is in progtesszl to determine the shape of the
Fermi surface in potassium-amalgam GIC and the analysis of these data
indicates cylindrical Fermi surfaces for the n-bands and nearly spherical
surfaces for the intercalate bands.

' Recently there have been reports that the superconducting transition
temperature T, in CgK 18 increased by a factor of ~10 under a hydrostatic
pressure of 15 kbar.22 It is known that in most cases T. decreases slightly

as pressure increases due to a small decrease in the electron-phonon coupling

------
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parameter. We attribute the large increase in T, in the case of CgK under
pressure to a structural phase transition resulting from the application of
pressure. We propose that the in-plane ordering of the intercalate layer
changes under pressure to a p(vY3 x /3)R30° superlattice structure, to
interprat the pressure dependent resistivity measurements.23 The increase in
overlap between the intercalate and bounding graphite layers may also lead to
an increase in the charge transfer from the intercalate to these bounding
graphite layers. We estimate below that such structural changes lead to the
observed ten fold increase in T..

In the discussion to follow, all primed quantities refer to the situation
where the intercalate layer has the p(yY3 x v3)R30° structure, and the unprimed
quantities refer to the p(2 x 2)R0° structure. If we assume (for the sake of
argument) that the fractional charge transfer increases under pressure from
~0.6 at atmospheric pressure to ~0.8 (at the pressure where the phase
cransitioi occurs), the s-electr;n density ng' is given by ng' = (4/3 x 1/2)ng
and consequently ep' = (2/3)2/3 ¢p = 0.75 ep. The s—electron density of
states 1s estimated as Ng'(0) = (2/3)}/3 Ng(0) ~ 0.87 Ng(0). In contrast for

the g-electrons, the dispersion is linear and is given by
e' = lwp'k)' ~¢ep' . (19)

The Fermi wave-vector of the m-electrons, kg ' is kg ' ~ (4/3) kg ; thus we
estimate vp' = 0.56 vp. Since the single spin density of states

at the Fermi surface of the g-electrons is given by

Ng'(0) = (ke'/2r2) (kpy '/hvp') = 2.4 Np(0), where ko' is the c-axis length

under pressure of the n-Fermi surface cylinders, and k.' » kc. Assuming that
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the s- and n-band coupling parameter is unchanged under pressure, we have

IV [N (OO (0) 11 /2 w 1,44 |A][Ng(OINZCO)IL/2 (20)

If the cut off frequency is w, ~250 K, then for T, ~0.15 K, it follows that
1/[A | [Ng(0)N(0)]}/2 » 7.5, and therefore 1/[An'|[Ng'(0)N;'(0)]}/2 » 5.2,
giving a transition temperature Te' » 10T = 1.5 K.

This model shows that the value of the superconducting tramsition
temperature is more sensitive to changes in the n-band electronic density than
to changes in the s-band. This makes it possible to explain the lower T, in
the case of stage 1 Rb- and Cs—GIC than in CgK. X-ray measurements show that
the intercalate concentration is lower in stage 1 Cs-GIC than in stage 1
Rb=GIC, which in turn is lower than in csx.2“ Moreover, Knight shift

N measurements?5 show that the fractional charge transfer in CgK is higher than
in stage 1 Rb- and éa-GIC. Congsequently, the n-electron density of states in
stage 1 Rb-~ and Cs-GIC could be c&hsiderably lower than in CgK resulting in an
appreciably lower T..

The weak dependence of T, on the intercalate concentration in stage 1
KPGICS is explained by our model if we a#sume that the fractional charge
.E transfer increases with the decrease of the 1ntercalate.concenttation. Such

behavior is expected because we know that the fractional charge transfer is

) larger in stage 2 alkali-metal GICs than in the corresponding stage 1
| compounds. For example, consider C)oK and assume that the fractional charge
transfer increases from 0.6 in CgK to 0.7 in C;7K and that the compound CjoK
is stage 1, which implies that k. 1s unchanged. A calculation of the s- and
x-electron densities of states, as done above, shows that the change in T, is

less than S ¥. However if the intercalate concentration is further reduced,

.......
----------
.........
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the compound becomes dominantly stage 2 leading to a lowering of the
n-electron density of states, or to complete charge transfer, thus making T,
vanish. At this point we would like to point out that while a model in which
the s—-electrons are solely responsible for superconductivity in alkali-metal
GICs is incompatible with the observed weak dependence of T, on intercalate
concentration, our model also explains this phenomenon in a simple manner,

Another question we like to consider here is how T, will be affected if we
increase the intercalate conceuntration rather than decrease it. We illustrate
this by considering the stoichiometric compound C7K. Assuming that the
fractional charge transfer in CyK is the same as in CgK, it can be shown,
using the same arguments as given above, that T, ~ 0.22 K. These arguments
provide an explanation for the sample dependence of T, observed by Koike et
a1.2, and the discrepancy in measured T, among references 1, 2 and 3.

We conclude by noting that the model presenéed above explains the most
important features of the supercond;cting GICs. It explains the absence of
superconductivity in CgLi and higher stage alkali-metal GICs. The observed
anisotropic behavior of CgK in an applied magnetic field is explained in terms
of the anisotropic band structure. The larje increase in transition temperat-
ure under pressure is explained by assuming that the more.dense intercalate
phase of CgK under pressure 1s a p(v3 x /3)R30° structure and an increase in
the fractional charge transfer from the intercalate to the graphite layer

under pressure. The model also explains the transition temperature dependence

in stage 1 potassium-graphite on sample stoichiometries.
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