VOLUME 81, NUMBER 2 PHYSICAL REVIEW LETTERS 13JLy 1998

Coulomb Suppression of NMR Coherence Peak in Fullerene Superconductors
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The suppressed NMR coherence peak in the fullerene superconductors is explained in terms of
the dampings induced by the Coulomb interaction between conduction electrons. The Coulomb
interaction, modeled in terms of the on-site Hubbard repulsion, is incorporated into the Eliashberg theory
of superconductivity with its frequency dependence considered self-consistently at all temperatures.
The vertex correction is also included via the method of Nambu. The frequency dependent
Coulomb interaction induces the substantial dampings in the superconducting state and, consequently,
suppresses the anticipated NMR coherence peak of fullerene superconductors as found experimentally.
[S0031-9007(98)06592-2]

PACS numbers: 74.70.Wz, 74.20.Fg, 74.25.Nf

It is generally accepted that the superconducting propef the suppressed intrinsic rate from the superconducting
erties of the fullerene superconductors can be understogégion and the normal rate from the normal region inside
in terms of phonon-mediatedwave pairing [1-4]. The the vortex core will give the experimentally observed
1/(T\T) for s-wave superconductors, whef® is the field dependence at,/R, [7].
nuclear spin-lattice relaxation time arid is the tem- In order to understand the coherence peak suppression
perature, is expected to show a peak7ass lowered at zero magnetic field, let us list the possible factors that
below the transition temperatufe and is constant above are known to affect the NMR coherence peakRf R,

T.. ltis referred to as coherence peak or Hebel-Slichtef10,11], and check if any of those can explain the sup-
peak. The expected coherence peak is found substantialyession. The NMR coherence peak suppression may be
suppressed for fullerene superconductors [5—7]. The urattributed to (a) momentum anisotropy of the supercon-
derlying mechanism of the suppression, however, is natlucting gap including non-wave pairing, (b) time re-
clearly understood yet. The present Letter addresses thersal symmetry breaking such as magnetic impurities or
problem of NMR coherence peak suppression in fulleren@pplied magnetic field, and/or (c) the damping effects
superconductors and explains it in terms of the dampings the superconducting state. For fullerene supercon-
in the superconducting state induced by the frequency detuctors, the superconductivity is of the phonon-mediated
pendent screened Coulomb interaction between conduge-wave pairing, and, due to the orientational disorder of
tion electrons. Cso molecules, the Fermi surface anisotropy is not strong

The maximum of the normalized relaxation rate,enough to suppress the coherence peak [11]. The time
R¢/R,, in the limit of zero applied magnetic field was es- reversal symmetry breaking cannot explain the suppres-
timated to be 1.1-1.2 for fullerene superconductors [6,7]sion either because there are no magnetic impurities in
whereR = T, ! is the relaxation rate, and the subscriptsthe fullerene superconductors, and we are considering the
s and n, respectively, refer to the superconducting andcase of the zero applied magnetic field. Because either the
normal states. A similar behavior was also observed irgap anisotropy or time reversal symmetry breaking cannot
muon spin relaxation experiments [8]. An analysis base@xplain the coherence peak suppression in the fullerene
on the phonon-mediated Eliashberg theory [9] givessuperconductors, the near absence of the coherence peak
T./wpn = 0.2, and the characteristic phonon frequencyshould be due to thédamping effects
wpn = 100 cm™! [7]. This seems inconsistent with the ~ The dampings of an electron come from the scatterings
commonly held view ofw,, ~ 1000 cm™! for fullerene  of the electron with the phonons, impurities, and/or
superconductors [1-4], which impliéR, /R, )max ~ 2—-3  Other electrons. The damping from the scatterings of
[9]. The increase ofR,/R,)m.x relative to its normal electrons with the phonons, that is, the electron-phonon
state value, 0.1-0.2, is therefore suppressed by an orditeractions, is not strong enough: The dimensionless
of magnitude from the expected value. Closely related ilectron-phonon coupling constant of the fullerenes
the observation of the unexpected sensitivityRgf R, to  is estimated to be 0.5-1 [2—4], far smaller thar2
the applied magnetic field. The coherence peak is foundeeded to suppress the NMR coherence peak [12]. The
completely suppressed at only around 5 T for®8CG, far infrared reflectivity measurements of DeGiorgfeal.
which is at least an order of magnitude smaller than th¢13] show that the ratio2A/kgT, =~ 3.44-3.45 for
expected value [7]. It may be understood on the groundoth KsCs and RBCs. It is very close to the BCS
that the zero field coherence peak is substantially supsalue of 3.52 and implies thai cannot be as large
pressed as mentioned above. A simple weighted averages 2. The impurity scatterings smear out the Fermi
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surface anisotropy and cannot suppress the coherencencerned with the narrow bandwidth superconductor of
peak as explained previously. There remains, therefordullerenes, therefore, the vertex correction is incorporated
only one possibility for inducing the dampings requiredinto the Eliashberg theory via the method of Nambu
to suppress the NMR coherence peak in the fullerengl4]. The Coulomb interaction is modeled in terms

superconductors: the scatterings between electrons duedb the on-site Hubbard repulsion and is included in

the Coulomb interactions This idea is indeed verified in the theory with its frequency dependence considered
our detailed Eliashberg-Nambu (EN) calculations as willself-consistently. As far as we are aware, this is the first

be detailed below. self-consistent calculation df/(T,T) with the Eliashberg
The NMR relaxation rate for a superconductor with aformalism including the Coulomb interaction and the ver-

finite bandwidth ofB is given by tex correction. The frequency dependence of the screened
1 *  fr(e) Coulomb interaction, which comes from the polarization

ﬁ ocj; e diagrams of both the normal and pairing processes of

2
X {(ReL(E)> + (ReM phonon and Coulomb interactions vary on a comparable
e? — Ale)? Vet — A(e) frequency scale for a narrow bandwidth superconductor
(1) of wpn/€ep ~ 1. _
where fr(e) = 1/(1 + ¢B€) is the Fermi distribu- The NMR coherence peak beIoWC is due to the
tion function, 8 = 1/ksT, 6(e) = tan '[B/2Z(e) X increased DOS in the superconducting state, that is, due

Jee — A(e)?], and Z(w) and A(w) are, respectively, to the smallness of the denominator of Eq. (1) wlee
the renormalization and gap functions. The finite con-2(€)- In order for the peak to be suppressed, therefore,

duction bandwidth with a constant density of statesthe vanishingly small denominator should be avoided.

(DOS) is explicitly considered through the factor 6f "€ Ve - Ae)? of Eq. (1) may not vanish when there
which is /2 for the usual case of infinite bandwidth IS @ damping, thatis, nonzet(e) for e ~ A(e), where
superconductors. For fullerene superconductors, th&1 andAs are, respectively, the real and imaginary parts
Fermi energyer = B/2 ~ 0.2-0.3 eV and the average of the gap funenon. The dampings in the superconductln_g
phonon frequencyo,, ~ 0.05-0.15 eV. Consequently, state resp_on5|ble for the NMR coherence peak suppression
wpn/€r ~ 1 for fullerenes unlike conventional metals, 'S greatly increased when the frequency dependence of the
where w,n/er < 1. When wyy/er ~ 1, the phonon screened Coulomb interaction is retained &y, /er ~

vertex correction becomes important because the Migdd|: There have been several papers which emphasize

theorem does not hold. and the Coulomb interacin€® importance of including both the electron-phonon

tion should be considered more carefully because thand electron-electron interactions in understanding the

validity of the Coulomb pseudopotentialy® = p/  fullerenes[15]. L
[1 + pn(er/wyy)], is unclear. In the present worlf The EN equation can be written in the Matsubara
frequency as

)2] renormalized electrons, is important because the electron-

. 1 20mZnpm 1 0.Pn
Zypn = pn + E %[/\ph(n —m) — Aen(n — m) + Agp(n — m)]ﬁ — ﬁ
1 20, Zm A 1 6,4,
Z,A, = B %_[)tph(n —m) — Acp(n —m) — Agp(n — m)]\/ﬁ +— NCEEth
where p, = #T(2n + 1) is the Matsubara frequenC)J, given by
6, = tan '(B/2Z,\/p2 + AZ), and App(n — m) = NpU 1 29 0 PiPk+
1Uk+1

()

[5dQ a?F(Q)20/[0 + (p, — pa)?] is the pairing Xn(K) === Z Jor + ko + 0
kernel due to the electron-phonon interaction. Equa- P 1\ Pk+1 k+i
NrU 1 AjAj
Zelekﬂ

tion (2) is of the same form as the theory used to study the
spin fluctuation effects on superconductivity [16]. The Xs(k) = €r E > 2 [ 2 >
Aen(n — m) and Aq,(n — m) are, respectively, the inter- ! \/pl + Al\/pk“ + Ak
actions in the charge and spin channels due to the Hub- 4)
bard repulsion, and are determined self-consistently as TheZ,, on the right-hand side of Eq. (2) represents the ver-
Aen(k) = UNF{1/2 = (xu + x5) + (xn + x5)? tex correction of Nambu, which we take as its form in the
normal state for simplicity [14]. Including the vertex cor-
X[l + 1/(xn + x9)1}, (3)  rection enhances the transition temperature in accord with
_ _ L2 the previous papers [17]. If we neglect the vertex correc-
Awk) = UNFUL/Z+ (o = X6) + (Xn = X0) tion, theZ,, should be put equal to 1. The self-consistent
XIn[1 = 1/(xn — X9t solution of Eq. (2) together with Egs. (3) and (4) gives
where y,, (k) and y,(k) are the dimensionless susceptibili- Z(ip,) and A(ip,) in the imaginary frequency. To ob-
ties from, respectively, the normal and pairing processetain Z(w) andA(w) in the real frequency, we perform the
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analytic continuations using the iterative method of mixed 0.04 0-6+0

representations [11,18]. It is more efficient than solving (a) ,"“o.oos/

the Eliashberg equation directly in the real frequency. The 0.02 |- N

details of the Eliashberg-Nambu formulation in the imagi- < p S B——

nary frequency and its analytic continuation will be re- @ 0.00 f—=—= S —

ported separately. 3 Tre- 2
The EN equation of Eq. (2) is solved self-consistently I -0.02 |

via iterations with a set of the phonon spectral func-

tion a>F(Q), Hubbard repulsion/, and impurity scat- -0.04 ! L ! L

tering rater~!. To model the fullerene superconductors, 0020-0 0.1 0.2 0.3 0.4 0.5

we takea?F(Q) = 3> _, a2F,(Q), whereF,(Q) is the o) O

truncated Lorentzian centered at, with the broad- % 0.00 =" :

ening I' = w, /5, the cutoff frequencyl’. = 3T", and = - N~ ———

[o dQ F,(Q) = 1[11]. Various theoretical and experi- % 0,02 . . . .

mental estimates do not agree well with each other in 0.0 0.1 0.2 03 0.4 05

terms of distribution of coupling strengtk? among o (eV)

the different modes. These estimates show, however,
that the phonon spectra derived from the intramolecuFIG. 1. The superconducting gap functio(w), at T =

lar A, and H, modes are distributed over 0.03-0.2 eV 0-001 eV. The solid and dashed lines, respectively, stand

for the real and imaginary parts. We tak&vr: = 0.31 and
with the total A in the range 0.5-1 [2-4]. In view A = 071 for (a), andU = 0 and A, = 0.35 for (b), so that

of this, we represent the phonon modes with threqhe two cases have S|m|IaW The substantial damping of
groups centered around, = 0.04, 0.09, 0.18 eV, and  |A,/A,| = 0.05 arounde =~ A,(e) for the interacting case of

2NFa,2,/w,, = 0.31,,0.2A,,0.5X;, respectively, forv = (a) can be seen more clearly in the inset of (a).

1,2,3. Note thatd_, 2Nra2/w, = A,. This choice of

a’F(Q) gives the logarithmically averaged phonon fre-

quencyw;, =~ 0.094 eV, which is a representative value The three peaks ii\(w) reflect the three peaks in the
of the various estimates ab;,. The A, is set to give phonon spectral functiom?F({2). Note the difference

T. = 20-40 K for a givenU. We take the Fermi energy in A,(w) between the two cases fer=~ A(e): For the

er = B/2 = 0.25 eV in the present calculations, which interacting case (a), the superconducting state has quite
gives the ratiaw;,/er = 0.38. a strong damping ofA,/A| = 0.05 arounde = A(e)

We put7~! = 0 for simplicity because the results are due to the Coulomb interaction even at the low tempera-
insensitive to the impurity scatterings. Even though thdure of T/T. = 0.3, while A, /A; = 0 arounde = A/(¢)
Anderson theorem does not hold exactly because of thir the noninteracting case of (b) because the thermal fluc-
finite bandwidth and the Hubbard repulsion in the presentuations are quenched at this temperature. 7As& in-
theory, the thermodynamic properties are still insensitivecreased]A,/A| is further increased due to the thermal
to the impurity scatterings. We takENr = 0.31 and fluctuations. Substantial, is what suppresses the NMR
As = 0.71 in the numerical calculations reported below. coherence peak as shown in Fig. 2.

We find T, = 0.0031 eV and 2Aq/kgT, = 3.1. It is The A(w) and Z(w) obtained above are then used
interesting to note that the present theory gives a rathdo calculate the relaxation rat&, using Eg. (1). We
small 2A¢/kpgT. value which lies at the low end of show in Fig. 2 the normalized relaxation rakg/R, as

the various estimates of the gap values. In the presemt function of the reduced temperatufe¢7,. The solid
study, the long wavelength contribution of the Coulombline is for UNr = 0.31 and A; = 0.71 corresponding to
interaction is not considered explicitly. Thereforf, Fig. 1(a). As expected, the substantial damping in the
should be taken as a screened value. The previowsiperconducting state in the interacting system suppresses
estimates givéd/Ny = 0.3-0.4 [2]. the NMR coherence peak so that the maximum of

Figure 1 shows the superconducting gap functddw)  R,/R, = 1.15. By comparison, the corresponding curve
as a function ofw at T = 0.001 eV obtained by solving for the noninteracting case of Fig. 1(bl/(= 0 and
the Eliashberg-Nambu equation. We took 220 Matsubara, = 0.35) exhibits a much more pronounced coherence
frequencies to solve Eq. (2) by iterations and disrepeak as shown by the dotted curve, a hallmark of
garded 20 high frequency data to avoid boundary efthe weak-couplings-wave BCS superconductors. It is
fects. The analytic continuations were carried out withclear that the strong Coulomb interaction can suppress
2000 frequencies in the range between 0-0.6 eV. Figthe NMR coherence peak for phonon-mediakediave
ure 1(a) is for an interacting system iV = 0.31 and  superconductors with a modest electron-phonon coupling
As = 0.71, and Fig. 1(b) is for a noninteracting case of constant. AU is increased, the NMR coherence peak is
U = 0 and A, = 0.35, which givesT, = 0.0032 eV and further suppressed. The dashed curve sh&w&s, for
2A0/kpgT, = 3.7. The solid and dashed lines, respec-UNr = 0.4 and A, = 0.8, which givesT. = 0.003 eV.
tively, represent the real and imaginary parts&fw). We now show some of the available experimental data

443



VOLUME 81, NUMBER 2 PHYSICAL REVIEW LETTERS 13JLy 1998

3.0 ——r———————7—1——7——7— gether with the electron-phonon interaction, and by includ-
L 1 ing the vertex correction via Nambu’'s method. We then
25| - solved the Eliashberg-Nambu equation self-consistently
1 at all temperatures to obtain the gap and renormaliza-
20k 4 tion functions, A(w) and Z(w), respectively, which are
_ used to calculate the nuclear spin-lattice relaxation rate,
" 15} 4 T;'. The frequency dependent Coulomb interactions
Ew ] between conduction electrons induce the substantial
10L i dampings in the superconducting state and, consequently,
| suppress the NMR coherence peak in the fullerene super-
05 - i conductors. The present Letter, therefore, has shown that
L | the T, experiments can be understood with the view of
ool—m POy 0 o0 wpn ~ 1000 cm™! andA ~ 0.5-1. It remains to be seen
00 02 04 06 08 10 12 14 16 if other experimental data can also be understood with

T/T, the view.
_ _ _ The author thanks Dr. Charles Pennington and
FIG. 2. The normalized relaxation rat&,/R,, as a function  pr Susumu Sasaki for useful discussions, and acknowl-

of the reduced temperaturé/7,. The solid curve is for : : :
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dotted curve is for the noninteracting case Ny — 0 and ~ Foundation (KOSEF) through Grant No. 96-0702-02-
A, = 0.35 corresponding to Fig. 1(b), and the dashed curve01-3, through the Center for Theoretical Physics, Seoul
is for UNr = 0.4 and A, = 0.8. The substantial dampings in National University, and by the Ministry of Education
the superconducting state for the interacting cases suppress ifough Grant No. BSRI-97-2428.

NMR coherence peak as can clearly be seen by comparing
the above curves. The filled circles and squares are the data
from Stengeret al., and the open up and down triangles
are those from Sasaldt al. See the text for more detailed
discussions.
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