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INMRODUCTION
Ii

Superconductivity in stage 1 alkali-metal graphite intercalation compounds

(GICs) (C8K, C8 b, C8Cs) was first reported by Rannay et al.
1 The highest

transition teamperatures reported by- these authors were 0.55 K for C8K, 0.15 K

for CaRb, and 0.135 K for CaCs. Superconductivity in C8K was more recently

reexamined In a detailed study by Koike at al. 2 and by Kobayashi et al. 3 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

Koik at al.2 for which the transition temperature ranged from 0.128 K to

0.198 K, with Tc values considerably lower than those reported previously by

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

their C8K samples prepared from HOPG. The higher stage alkali-metal GICs, as

well as stage 1 C6Li, have been Investigated for superconductivity but no

superconducting transition has 7at been reported. 4 The dependence of the

transition temperature on in-plane intercalate concentration has not yet been

studied in detail, but evidence to date5 indicates that Tc decreases slowly

with decreasing intercalate concentration until some critical concentration at

which Tc vanishes. The most Important feature of alkali-metal GICs is that

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

nonetheless upon intercalation the compound exhibits superconductivity.

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

stage I alkali-metal G0Cs that the intercalant is not by itself

superconducting.

More recently, Alexander at al.6 observed anomalous behavior in the

temperature dependence of the specific heat of stage 2 potassium-amalgam GIC,

C8 Hg, at 1.93 L This anomaly was interpreted as the onset of a superconduc-

tive transition. The superconducting state was later confirmed by Koike and

-'..*~ ~ ~ * .. . .... (** . . . . - . .. , A
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Tanuma 7 and by Pendrys et al. 8 through the observation of a eissuer effect.

A superconducting transition was also discovered in stage 2 C8Rbg at 1.44 K

by Pendrys et al. 8 and Alexander et al. 9 The stage 1 compounds C4 ig and

C4 Rb~g were found by lye and Tanuma 1 0 to undergo a superconducting transition

at 0.73 K and 0.99 K, respectively. Recent experiments by Tedrow and Timp1i

observed Te - 1.65 K for a well ordered (3 x V3)R30" stage 1 potassima-

amalgam GIC. The difference in superconducting transition temperature in the

stage 1 compounds is attributed to differences in the in-plane

stoichiomstry. 1 1

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 terns 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 (9 Is the angle between the applied

magnetic field and the c-axis), Koi" et &j.2 found that for 0 < 8 < 65*, C8K

:behaves as a type I superconductor which shows magnetic flux exclusion,

whereas for 65" < 0 < 90, It behaves as a type I superconductor which allows

magnetic flux penetration. The estimated ratio of the in-plane coherence

length to the c-axis coherence length for CgK is &L/&, - 5. The anisotropy in

the graphite-potassium amalgam compounds is even higher, with the ratio of the

basal to c-axis coherence length &t/Cl being > 10 for stage 1 compounds and

> 20 for stage 2 compounds. 10

Recently, a model for superconductivity in graphite-alkali metal compounds

was presented by Takada.12 In the Takada model, the mechanism for supercon-

ductivity was asined to be the electron-polar phonon interaction, and the

6- - . ... -- ......-
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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

eit, - 1.3 which is considerably maller than the experimental value of - 5.

In the next section, we present a different model for superconductivity in

alkali-mtal 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 sagnetic field. The model also explains the absence of

superconductivity in C6Li 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.13 ,14 This incomplete charge transfer results in an

electronic band structure which can be regarded as a superposition of

approximately two dimensional graphite it-bands with a cylindrical Fermi

surface along the MM axis and an almost spherical Fermi surface associated

with the alkali-mtal s-band centered at the r point of the pristine graphite

SBrillouin zone. The mall hybridization of the graphite i-orbitals with

intercalant orbitals at the Fermi surface 13 suggests a role for the highly

anisotropic %-electrons in the superconductivity mechanism.

I, - . . . - . - . .-. ,.. . .. . . ,,.... .... - . . .- ... . ... "-- , " ,- - . .,. - . - - .- , , . ,
4. .o '. . . , , . , . . . .. . . . . .o , . . ''. " . - -"-.- - . . '.-
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The Identity of the band electrons which contribute to superconductivity.0
is the central issue in understanding the mechanism for superconductivity in

GICs1 5 . 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 i-electrons are solely responsible for

superconductivity then Ci would have a superconducting transition tmpera-

ture approximately ten times higher than that of C8K. This estimate is based

on the higher density of states at the Fermi surface in C6 Li. However, C6Li

does not show superconductivity down to teaperatures -0.1 K.4

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 paper is shown to account for the experimental data

available at this tme. More complete experimental characterization of the

superconducting state may require so- modification of the model.

the experimntal observations iumuarized above suggest a model which

">: assumes that the coupling between the intercalate a- and graphite :-electrons

gives rise to the observed superconducting transition. The model for

* superconductivity Is based on a coupling of Cooper pairs on different Fermi

surfaces, as was previously developed by Suhl et al.16 who considered the

effect on superconductivity of the interaction between s- and d-electrons in

A transition uetals. According to our modification of the Suhi model, the

dominant terms in the Hamiltonian for this interaction is given by

,:H - 2 ks Ckst Cks + 2 Eckx CkXt CkK + X E{Ck% it C_j t C.ks+ Cks+ + H.C.}
-ki ks,kn 1

where Eks and eks are the energies of electrons in the s- and it-bands-'.

.4 ~ -oo • . o o - , . o . . "° . oo • . - o o - o
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respectively whose wave vector is k, and X is the coupling parameter between

the s- and %-electron pairs, X is assumed to be a constant, and H.C. stands

for the hermitian conjugate. The finite temperature Greens functions are

defined by:17

gi(k, ) - - < T { C i+( ) Ct:L+(O) ) > (2)

Fi(k,c) - - < T { Ct-k' (') Ctkt+(O) ) > (3)

where Ckir(') {Ctk1 o()) is the annihilation {creation} operator for an

electron of wave-vector ki and spin a, i - s, x and <...> represents thermal

averaging, T Is the tlme ordering operator and - is an 'imaginary' time,

defined by the equation

cksa(%) - eap[(s - pN) ilhI Ckld(O) exp[-(H - pN) c/h] (4)

in which p is the chemical potential, N Is the total number of electrons, and

H is the Hemiltonian given In Zq* 1.

For the Hamiltonian of Eq. 1, the Fourier transforms of the finite

temperature a- and s-Greens functions defined in Eq. 2 are given by

- -h (lhin + 6Cks).,' S(k,n) - ... :: .. .(5)
h2  n2 + 6ekS2 + JAS12

-h (ilun + 6eks)gx(k,wn) =------ ---- (6)
h2 W2 + 6Ck.2 + I,1 2

where 68 - £1L5 , 6-kx = k- - g and wn (2n+l)nkBT/h, kB being the

Boltzmann constant and T Is the temperature. The superconducting energy gaps
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A. and a., are given by

As X Fm t 7(kx.O) (7)

As X = ) . st(k,.O) (8)
kg

in which? Ii defined by Eq. 3.

The form of the Greens functions Eqs. (5) and (6) implies that the system

could be decoupled In terms of s-. and x-Fermi surfaces, each having its own

Cooper pairs and own energy gap. This decoupling results from the functional

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

are coupled and are given by

As

An kBT X - - -(9)

WnkR h2 f2 + 6 ek:2 + IAx 12

An
An X kBT - (10)

Wn I, h2 w2 + 6Cks2 + IA.1 2

At the superconducting transition temperature Tc, both As and Au vanish

simultaneously, and the expression for Tc Is found to be

k c -h Wc . ,{-j/Xl I1 N,(O)N,(o) ]1l/}(2

where wc is a cutoff frequency (the Debye frequency), and N(0) and N,(O) are

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

%-bands.
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It should be mentioned that in this model, superconductivity exists even

if the not coupling between electron pairs is repulsive. Moreover, neglecting

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

band Interactions, but merely that they do not give rise to superconductivity,

and can thus be accounted for by renormalizing the electron mass in the a- and

%-bands separately. The Interband scattering Is then that between the a- and

%-quasi-electrous. According to Eq. (11), Tc+O as N,(0)+0 or N,(O)+0, which

Implies that the absence of superconductivity in C6 Li is due to the complete

charge transfer to the graphite that makes Ns(0) vanish. In stage 2 K-GIC,

the density of states NX(O) Is lower than in stage I by a factor estimated to

be -8.7/5.35, thus giving a transition temperature an order of magnitude

smaller than in CSK even if the s-band is considered to be appreciably

occupied in these stage 2 compounds.

ELXCTRODTNAKICS O SUPERCONDUCTIVIT. IN GICs

In this section we apply the microscopic theory presented in the previous

section to calculate the superconducting coherence length. Based on this

estimate, standard results of phenomenological Ginzburg-Landau (GL) theory1 8

are used to calculate the experimental parameters of the 4uperconductivity in

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

A%1As -X/2 I -.. . -- (12)
k,1  ( 6ckX2 + JAW1 2 )1/2

As
X/2 jI (13)

ke (9k 8s 2 + 1&81 2 )1/2

4 -Ze*.U-
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In Eqs. (12) and (13) the sun over k-space is converted to an integral over

energy which is taken up to a maximum cut-off energy 'ac (e.g. wc - Debye

frequency). After integration we divide Eq. (12) by Eq. (13) to get

As 2  Nx(O) 1n(2wc/A.)

---- =(14)
2

As 2 N,(o) ln(2w c/As)

where the cut-off frequency wc >> As, A,,. For stage 1 K-GIC, the s-band is

treated as spherical with a Fermi radius kF - 4.7 x 107 cm-1 and the i-

electrons have a linear dispersion given by

-ekx - vF P - CF (15)

where the Fermi velocity vF - 9.7 x 107 cm/sec and p is the electron momen-

tum. 12 The x-electron Fermi cylinder has a c-axis length of 21c/Ic, where

Tc - 5.35 A for stage 1 K-GIC. For this model, we have

Ns(O) N tz(0) - 2 x 1033 (ca-3 erg-1 ). Equation (14) then implies that

As n a U 2kBTc. The Pippard coherence lengths of the s- and 7-bands are

estimated19 as Co s 0.15 hvs/kBTc - 40,000 A in which vs is the s-electron

Fermi velocity. Similar estimates give Cox a 70,000 A.

If a magnetic field is applied perpendicular to the c-axis, then the

superconducting current is the s-band current since the %-electrons are two-

dimensional and thus cannot contribute to a current in the 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 C81 at 4 K is estimated to be -105 (cm)-1. Since the

%-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, is is given by is - svs/nse2 a 540 A where ms, vs and ns are the
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s-electron mass, Fermi velocity and density, respectively. Since the s-band

is nearly isotropic, we can take 1s to be isotropic. Thus, if the magnetic

field is applied perpendicular to the c-axis, the superconductor is in the

dirty limit because is << &os. The London penetration depth is given by

XL(0) - {mc2/4xnse2}1/2 " 1000 A. For dirty superconductors, the Ginzburg-

Landau parameter ic is given by1 8 e a 0.715 XL(O)/ " 1.3. Since ic > 1/V2, the

superconductor is type II for magnetic fields in the plane of the graphite.

The GL coherence length at T-0 is &(0) - 0.9 /o0, where &o is the Pippard

coherence length and I is the electron mean free path.1 8 Then the upper

critical magnetic field Hc2 is:

Ec2 - *o/[2%&-s(0)2 ] _ to/[( 0 "9) 2 2x &,osts] (16)

in whichw o - 2.07 x 10-7 gauss cm2 is the flux quantum.

Using the approximation1 8

J.(T) - 0.855 ((&1ot)/(l - T/Tc))1/2 (17)

which holds for tmperatures near Tc, we find that at T - 2Tc/3 the critical

magnetic field is Hc2(T=O.67Tc) - 8.5 gauss. Experimentally the value of

Hc2(T-O.67Tc) is found to be -12-19 gauss for C8K when the magnetic field is

applied perpendicular to the c-axis2 .

On the other hand, if the magnetic field is applied parallel 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 C8K at 4 K is 2 0

a - 107 (gcm)- , and it is mainly due to ,-electrons, the mean free path Qf

the -x-electrons I, is very large and is comparable to the coherence length .

Thus in the field orientation H I c-axis the superconductor is not in the

dirty limit. Because 1. >> 1s, it follows that the %-electron supercurrent is

.... +*'': ..... -.....++ + ..... ..... :+ .................................................--.....' '+' +
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dominant. The penetration depth is then determined by the n-electron

paraeters. Therefore, in this case, XL(O) * {mc2/4%ne2}1/2 - 400 A where

1w is taken as -0.25 mo, mo being the free electron mass. Since XL(O) << &,

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

by222 H(O) 2 - 4: [NO(O) As2 + NM(O) An2I 2 
(18)

Using N5 (O) w NX(O) - 2 x 1033 cm- 3 erg-1 , A. - An - 2kBTc where T, w 0.15 K,

HL(T-O) is found to be -9.3 gauss. At T - 0.67 Tc, the critical field is

given by Hc(T - 0.67 Tc) - Hc(0)[l-(T/Tc) 2 ] - 5.2 gauss. This value for

He(T-0.67 Tc) agrees very well with the experimental values of 5 to 7 gauss. 2

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 previous section were

specific to CSK, 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 progress21 to determine the shape of the

Fermi surface in potassium-amalgam GIC and the analysis of these data

indicates cylindrical Fermi surfaces for the %-bands and nearly spherical

surfaces for the intercalate bands.

Recently there have been reports that the superconducting transition

temperature Tc in C8 K is increased by a factor of -10 under a hydrostatic

pressure of 15 kbar.2 2 It is known that in most cases Tc decreases slightly

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

,. . . . . . . . . . . . . . . *,,..
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parmeter. We attribute the large increase in Tc in the case of C8K 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(/3 x /3)R300 superlattice structure, to

interpret the pressure dependent resistivity measurements.2 3 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 Tco

In the discussion to follow, all primed quantities refer to the situation

where the intercalate layer has the p(V3 x /3)R30* structure, and the unprimed

quantities refer to the p(2 x 2)R.0 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

transition occurs), the s-electron density n s' is given by ns ' - (4/3 x 1/2)n s

and consequently ey' - (2/3) 2 / 3 EF u 0.75 EF. The s-electron density of

states is estimated as Ns'(0) - (2/3)1/3 ,(0) - 0.87 Ns(0). In contrast for

the n-electrons, the dispersion is linear and is given by

C - hvp'kj.' - C " (19)

The Fermi wave-vector of the i-electrons, kFp' is kFi' - (4/3) kF1 ; thus we

estimate vy' a 0.56 vF . Since the single spin density of states

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

Nl(0) - (kc'/2n2 ) (kplr/hvp') m 2.4 N,(0), where kc is the c-axis length

under pressure of the i-Fermi surface cylinders, and kc' a kc. Assuming that
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the a- and %-band coupling parameter is unchanged under pressure, we have

IXII[N2,( /)N I /()]1I2 - 1.44 jlX[Ns(o)N (o)]1/2 . (20)

If the cut off frequency is wc -250 K, then for Tc -0.15 K, it follows that

I/ II(0)NX(0)jI1/2 - 7.5, and therefore 1/IXI(Ns'(0)N'(0) ]1/2 - 5.2,

giving a transition temperature Tr' , 10 Tc a 1.5 K.

This nodel shows that the value of the superconducting transition

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 Tc in

the case of stage 1 Rb- and Cs-GIC than in C8K. 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 C8 K. Moreover, Knight shift

measurements 2 5 show that the fractional charge transfer in C8 K is higher than

in stage 1 Rb- and Cs-GIC. Consequently, the -- electron density of states in

9 * stage 1 Rb- and Cs-GIC could be considerably lower than in C8K resulting in an

*appreciably lower Tc.

The weak dependence of Tc on the intercalate concentration in stage 1

K-GIC5  is explained by our nodel if we assume that the fractional charge

transfer increases with the decrease of the intercalate concentration. 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 C12K and assume that the fractional charge

transfer increases from 0.6 in CsK to 0.7 in C12K and that the compound C12K

is stage 1, which Implies that kc is unchanged. A calculation of the s- and

g-electron densities of states, as done above, shows that the change in Tc is

less than 5 %. However if the Intercalate concentration is further reduced,

, ,,-..,. .-
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the compound becomes dominantly stage 2 leading to a lowering of the

%-electron density of states, or to complete charge transfer, thus making Tc

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 Tc on intercalate

concentration, our model also explains this phenomenon in a simple manner.

Another question we like to consider here is how Tc will be affected if we

increase the intercalate concentration rather than decrease it. We illustrate

this by considering the stoichioametric compound C7K. Assuming that the

fractional charge transfer in C7K is the same as in C8K, it can be shown,

using the same arguments as given above, that Tc - 0.22 K. These arguments

provide an explanation for the sample dependence of Tc observed by Koike et

al. 2 , and the discrepancy in measured Tc among references 1, 2 and 3.

We conclude by noting that the model presented above explains the most

important features of the superconducting GICs. It explains the absence of

superconductivity in C6Li and higher stage alkali-metal GICs. The observed

anisotropic behavior of C8K in an applied magnetic field is explained in terms

of the anisotropic band structure. The large increase in transition temperat-

ure under pressure is explained by assuming that the more dense intercalate

phase of C8K under pressure is a p(/3 x '3)R300 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.

4,
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