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Abstract

The electrical resistivity of single-crystal Rb,Cqo has been measured in magnetic fields up to 7.0 T. A substantial broadening
of the resistive transition to the superconducting state is observed and attributed to the combined effects of magnetofluctuations
near T, and thermally activated flux creep dominant at lower temperatures. We evaluate characteristic parameters for Rb;Ceq
crystals including the upper critical field H.,(T), the scattering time 7, coherence length ¢ and mean free path /; these are

contrasted to similar parameters determined previously for K,Cgp.

1. Introduction

Compounds based on Cg, represent a new class of
molecular solids with interesting and unique structural
and electronic properties. With suitable alkali-metal
doping, Cg becomes superconducting with surpris-
ingly high transition temperatures T, [1,2]. Of the
materials with a single type of alkali-metal dopant,
Rb,Cg, has the highest T, about 30 K. Both unconven-
tional and conventional mechanisms have been sug-
gested to account for the superconductivity. Recently
it was demonstrated that K;Cq, and Rb;Cyy can be
synthesized as bulk, strictly three-dimensional super-
conductors [3]. Such specimens are ideal for the eval-
uation of intrinsic normal-state and superconducting
parameters, including the behavior in a finite magnetic
field. Previous measurements of upper critical fields
H_,(T) of RbyCg, used powder polycrystailine samples
and yielded extrapolated zero temperature values
H_,(0) from46 Tto 78 T [4-6].
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We report here the study of the electronic-transport
properties of Rb;Cg, single crystals in magnetic fields.
In contrast to the behavior observed for K;Ce [ 7], we
find that the resistive transition near T is substantially
broadened by application of a magnetic field, a situation
similar to high-T oxide superconductors. This broad-
ening necessitates a detailed treatment of the resistive
transition in order to extract accurate values of T.(H).
Simply defining T, as the onset or halfway point of the
resistive transition yields incorrect values for T, when
the transition has significant width. In analogy to high-
T. oxide superconductors, we consider two mecha-
nisms which contribute to the finite transition widths,

~ thermodynamic fluctuations [8] and dissipative flux-

line motion {9]. Our results suggested that near the
transition onset the anomalous broadening is domi-
nated by fluctuation magnetoconductivity, while at
lower temperatures the dissipation is dominated by flux
creep with a characteristic activation energy substan-
tially lower than that found for conventional supercon-
ductors. We use the analysis of fluctuation
magnetoconductivity to determine the thermodynamic
T. and thereby accurately determine the upper critical
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Fig. 1. Electrical resistivity vs. temperature for Rb;Cq, in different
magnetic fields H. Inset: Resistivity for H=0.

field H,(T) and the Ginzburg-Landau coherence
length £(0). The analysis also provides an estimate of
the zero-temperature scattering time 7, the mean free
path [ and the penetration depth A(0Q).

2. Experimental

High-quality Cs single crystals were prepared by
vapor transport and characterized by X-ray diffraction.
Rb doping was performed using a procedure similar to
that used for K;Cqq [ 10]. The electrical resistivity was
measured using a DC four-probe Van der Pauw config-
uration.

3. Results

The inset to Fig. 1 shows the resistivity p of RbyCe
measured over a wide temperature range for H=0. A
metallic temperature dependence is observed. The two
components of the Van der Pauw resistance can be
fitted to the same heuristic functional form of temper-
ature dependence (p=py+AT?),.indicating good
sample homogeneity. The transition to the supercon-
ducting state is sharp with a transition width less than
200 mK. The main body of Fig. 1 shows the resistive
transition for different H. Application of the field
reduces T, and broadens the resistive transition. Meas-
urements on different samples yield similar results indi-
cating that the broadening is intrinsic. Definition of
T.(H) as the onset of the resistive transition yields
values of dH_,(T) /dT and the upper critical-field curve

H_,(T) which are very different from those obtained
by defining T as the halfway point of the resistive
transition. For example, onset T.'s yield dH(T)/
dT=(—4.04 T/K) whereas halfway point T.’s yield
(—3.14 T/K). It is clear that a detailed analysis of
magnetoresistance data is necessary in order to extract
intrinsic thermodynamic transition temperatures.

4. Discussion

4.1. Thermodynamic fluctuation of
magnetoconductivity above T,

We first investigate the origin of the magnetic field-
induced broadening for the upper portion of the resis-
tive transition in Rb;Cg. It has been previously
demonstrated [3] that in the absence of a magnetic
field, Rb;Cg, displays fluctuation conductivity effects
above T, with o’ at /2, where o is the excess fluc-
tuation conductivity and t= (T—T,) /T, is the reduced
temperature. This is the behavior expected for a bulk
three-dimensional superconductor. For finite magnetic
field, the divergence of the fluctuation conductivity is
expected to shift to a lower T, due to pair breaking,
leading to an H dependence of ¢’. In addition, the
fluctuation conductivity should become anisotropic.
For a bulk superconductor in the dirty limit and for H
parallel to the DC electrical current density J, the excess
conductivity in the high-field limit becomes [11]
o’y =AH"* %2, similar to the result for one-dimen-
sional filaments (the allowed states in momentum
space are cylinders in both cases). When H is perpen-
dicular to J, o, =BTH ~'"%t~"/% as for H=0 [11].
Our crystals are roughly 0.5 X 0.5 X 0.1 mm?, with the
magnetic field oriented approximately perpendicular to
the crystal surface.

Because the conductivity is measured in a Van der
Pauw configuration, the excess conductivity will
include both parallel and perpendicular contributions.
Consequently, we expect a magnetic field-dependent
fluctuation conductivity o’ =¢’, +oy =0o(T) — 0y,
where o, is the normal-state conductivity (which has
a linear temperature dependence near T, {3]).

We fit the excess conductivity above T, with the form
o'=AH'"% 732+ BTH~"*~'?, where A and B are
fitting parameters for all temperatures and fields and
T.(H) is taken as an adjustable fitting parameter for
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Fig. 2. (a) Normalized excess fluctuation conductivity vs. reduced
temperature for RbyCe in different magnetic fields. The solid lines
are fits to o’ =AH'/% ™Y+ BTH V%~ "2 (see text) with fitting
parameters A= 123X 10~* and B=5.5% 1075 (b) Resistance vs.
temperature at /=32 T. The solid line is a fit to the fluctuation
conductivity formula (see text).

different fields. Fig. 2a shows the best fits thus obtained;
with A=1.23%X10"* and B=5.5% 107>, They are in
good agreement with the experimental data over a wide
range of reduced temperature £. Fits to the fluctuation
conductivity expression allow the field-dependent tran-
sition temperature T.(H) to be accurately determined.
Fig. 2(b) shows in detail the resistive transition for
H=32T, along with the calculated magnetofluctua-
tion curve. T.(H=3.2T) is indicated in the figure. We
use T.(H) thus determined to extract H,(T). How-
ever, before turning to a discussion of H,(T), we first
investigate a second dissipation mechanism which is
dominant in the lower portion of the resistive transition.

4.2. Flux-creep resistance at low temperatures
The quality of the fluctuation conductivity fit in Fig.

3(b) is excellent for the high-temperature data shown
in the figure, but degrades for lower temperatures. The

low-temperature deviation is suggestive of an addi-
tional dissipation mechanism involving dissipassive
flux-line motion. For a type-II superconductor in the
mixed state, one expects dissipation due to flux creep
at low temperatures [ 12,13]. The theory of flux creep
by Anderson and Kim [12] assumes thermally acti-
vated jumps of flux lines at the rate given by
v= yexp( — U/kpT), where U is the activation energy
corresponding to the barrier height of the flux-line
potentials. In the conventional expression for flux creep
[14], the resistivity is

2y, LH e p( U )S, h(JHVcL) .
= — ——Sin s
Pz kT ks T M

where 1, is the attempt frequency of flux lines or bun-
dles over a pinning barrier, U is the pinning barrier
height, L is a hopping distance, and V. is the volume of
one vortex. Assuming the hopping distance L equals
the inter-vortex distance aq, we find V. L= a3l (where
L. is the flux-line length). In our experiment, the cur-
rent density is very small (J=0.2 A/cm?), so the sinh
term in Eq. (1) can be linearized, yielding
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Fig. 3. (a) In(R) vs. (1 —%)*%/T in the flux creep regime. The
solid lines are fits to Eq. (2). (b) Field dependence of activation
energy U(0, H). The solid lines are fits to a power-law behavior,
U,a H™™, withm= 1.25 for H>3 T,and m=0.35 for H<2T.
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p= (21 PiL./ kg T)exp(— U/lksT)

=p.exp(—U/kgT) , (2)

where @, =Ha} is the flux quantum. Previous theo-
retical and experimental studies [ 14~16] on flux creep
of high-T_ superconductors have indicated that the acti-
vation energy U in Eq. (2) is often temperature- and
field-dependent. We assume here that U has a simple
scaling form with field H and normalized temperature
t'=T/T.(H) [17]: U(T,H)=U(H)(1—-1?)3"?
where U(H) is the field-dependent activation energy.
The prefactor p. in Eq. (2) depends weakly on tem-
perature and in our temperature region of interest (29
K to 26 K) p. may be taken as a constant. In Fig. 3(a)
we replot the low-temperature magnetoresistance data
for Rb;Cgq as In(R) versus (1~12)32/T, where R is
the sample resistance. The solid lines are linear fits to
the data. The results show clearly that the data are well
accounted for by Eq. (2) with a unique p,.. Fig. 3(b)
shows U(H) versus H. If a power law form for the field
dependence of the activation energy is assumed,
U(H)=A/H™, then two field regimes become appar-
ent, as indicated in Fig. 3(b). For H below 2 T,
m=0.32; while for H larger than 3 T, m=1.25.

We emphasize two salient features of the flux creep
dissipation in RbyCgy. First, in the temperature and field
regime of our experiment, the activation energies are
less than 1 eV. For conventional superconductors the
activation energies are typically several eV. Second,
the ratio of the prefactor p. (—1.5 mQlcm) to the
measured normal-state resistivity is less than unity and
independent of field and sample. This result is in sharp
contrast to the situation for high-T, superconductors
[14,15] where p. is unphysically large (typically a few
orders of magnitude larger than the normal-state resis-
tivity). Finally, we note that near the transition onset
regions of fluctuation superconductivity have dimen-
sion much less than the penetration depth, suggesting
that dissipative flux creep, while dominant at lower
temperatures, will not greatly interfere with the fluc-
tuation conductivity contributions at the transition
onset.

4.3. Upper-critical field and other normal and
superconducting parameters

As discussed above, analysis of the magnetofiuctua-
tion conductivity near T, allows T.(H) to be accurately
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Fig. 4. H,(T) vs. temperature. The solid line is a linear fit to the
lower-temperature data with dH_,/dT= —3.28 T/K. The inset
shows the theoretical curve of H,(T) with the Pauli paramagnetic
limiting, and the extrapolated value of H.,,(0) =62 T.

identified. From the T-H critical line, we obtain the
upper critical field H,(7) (Fig. 4). A linear fit to
H,(T) yields dH,.,/dT= —3.28 T/K. The H,(T)
data have been analyzed in a manner similar to a pre-
vious study of K;Cqq [7] to extract the scattering time
7. This analysis makes a two square well approximation
for the Eliashberg theory of the upper critical field. The
fairly large value of dH_,/dT[1/ (1 + A) ] for this mate-
rial indicates the importance of Pauli limiting, which
has been included in the analysis [17].

The treatment requires values for the Coulomb repul-
sion u*, the average phonon frequency o, and the
Fermi velocity vg. The Coulomb repulsion is taken to
be in the range 0.1 < u* <0.3. The Fermi velocity can
be approximated in two manners. A preliminary band-
structure calculation for K;Cgy at the Rb;Cg, lattice
constant yields vg=1.56X 107 cms™'. This value is
corroborated by a simple rescaling of the K;Cg Fermi
velocity by the ratio of the density of state for Rb and
K doped Ce [18], which yields ve=1.47X10’
cms~'. We take v=1.5X107 cms™'. Estimates of
the average phonon frequency are loosely based on
three theoretical electron—phonon models of the super-
conducting properties of these materials { 19-21]. The
models of Jishi et al., Schluter et al., and Varma et al.
are taken to have w=500 K, 1000 K, 2000 K, respec-
tively. Taking u*=0.2, we obtain 7=5.5X 107" s
(Jishi), 7=7X 1075 s (Schluter), 7=7.5X107"* s
(Varma). Assuming p*=0.1(0.3) produces scatter-
ing times roughly 1.0X 10~ '* s smaller (larger). Tak-
ing into account the uncertainties in the calculation, we
estimate the zero-temperature scattering time of the
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sample to be of the order 0.4-1.0X 10~ '* s, implying
a mean free path of I=1115 A, several times the
interatomic spacing. The extrapolated zero-tempera-
ture upper critical field is 62 T (see Fig. 4, inset), which
yields a coherence length of £(T=0) =24 A. Since the
coherence length is of the same order as the mean free
path, Rb;Cq, is in neither the clean nor the dirty limit.
For comparison, a treatment neglecting Pauli limiting
would have yielded a critical field of 68 T. We note
that a previous RF absorption measurement [5] on a
Rb,C¢, powder sample under high field suggested that
Pauli paramagnetic limiting may be significant, and a
result of H,(0) =73 T was obtained.

Knowledge of the scattering time and the plasma
frequency w, allows one to make an estimation of the
resistivity from the relation p= (4w/w’ 7). A prelimi-
nary band-structure estimate [22] yields a plasma fre-
quency of 1.11 eV, close to the free electron value of
1.25 eV for three electrons of effective mass 3.6m, per
Ceqo (this value of the effective mass reproduces the
band-structure Fermi velocity). This value is corrobo-
rated by reflectivity and electron energy loss
measurements on K,Cg, which is expected to have a
comparable plasma frequency (theoretical estimates
suggesta plasma frequency for K;Cq rough 10% larger
than that of RbyCgp). Infrared reflectivity measure-
ments have been fit by a Drude model with a plasma
frequency of 1.56 eV [23]. Electron energy loss spec-
troscopy measures the plasma frequency screened by
the background dielectric constant of e=4.4 [24].
These measurements yield a peak in the loss spectrum
at 0.55 eV which corresponds to an unscreened plasma
frequency of 1.15eV [25]. For resistivity calculations,
we use the theoretical value of w,=1.11 eV and the
scattering time of 0.4-1.0X 10~ '* s to obtain a zero-
temperature resistivity of 0.57+0.21 mQcm. This
value compares well to theoretical calculations of 0.39
m{cm [26] and 0.42 m{) cm [27] and infrared meas-
urements of 0.7 m{lcm {28]. The present result is
slightly larger than estimates based on analysis of the
fluctuation conductivity near T,, which yield 0.23
m{)cm.

Knowledge of w,, £(0) and Tallows an estimation
to be made of the penetration depth A and the BCS
coherence length & within Ginzburg-Landau theory
[29]. A plasma frequency of 1.11 eV implies a London
penetration depth of A, =e/w,=1690 A in the clean
limit. Allowing for the finite value of 7 within Ginz-

burg-Landau theory yields A(T=0) =3200+800 A.
Similarly, the experimental value for the zero-temper-
ature coherence length, £(0) =24 A, together with
7=04-1.0X10""" s yields a BCS clean-limit
coherence length of £, =85+ 15 A. This value is some-
what larger than that obtained from Allen’s formula, &,
= [4(3)/7]1"*hve/2m[kgT.(1 + A)], which yields
&=44+7 A for A=0.7-1.3, the relevant range for
Rb,Cy.

4.4. Low-field nonlinearity of H., data

We observe a deviation from the linear relation in
H_, data for fields of less than 2 T. A similar nonli-
nearity was also found for Rb;Cyq powder and K;Cgyq
powder and single-crystal samples [5,7,30]. The low-
field tails are not likely due to the sample inhomoge-
neity because they are found in both OD granular
samples and 3D uniformly doped single crystal sam-
ples. This *‘foot’” may be due to flux creep. Yeshurun
and Malozemoff [9] pointed out that the large ther-
mally activated flux creep in high-T, materials would
reduce the critical current J, dramatically near the tran-
sition temperature, and this effect would suppress the
measured 7.. A flux creep model predicts that
H_,~ (T.,—T)">. The best fitting of our low-field data
versus temperature shows that H.,~ (7., —T)'"?
(H<2T),whereT.,=29.8 K. The agreement between
experimental data and theory indicates that it is possible
that flux creep plays an important role in the nonlinear
behavior near T, because of the low activation energy
of flux creep in Rb;yCy, as discussed above.

Next we briefly consider using thermodynamic fluc-
tuation as an explanation of the low-field “‘foot’” in the
H_, data. Lobb [31] pointed out that at temperatures
close to T, the fluctuations of the order parameter
become of the same order as the parameter itself. This
causes the breakdown of the GL theory in the temper-
ature range:

|T—T.| <1LOTX107°{(&k*T%)/H,(0)}, 4)

where k= (A /£(0)). Within this range, H,(T) ~
(T.,—T)'*% a crossing over to the normal linear
behavior will take place at lower temperatures. In con-
ventional superconductors, the non-GL range is less
than 10~ ¢ K. For high-T, materials, because of large
value of k and high T, the value of |T—T,] is roughly
0.1 K-1 K. For Rb,Cg, the penetration depth A, of
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Table 1

Superconducting state and normal-state parameters of Rb,Cq, and
K,Cy single crystals

Parameter ~ Rb,Cg,* K;Cey®

T, 30K 19.7K

dH_,/dT -328T/K -134T/K

H(0) 62T 175T

£(0) 24 A 45 A

& 4417A85+15A9 96+16A¢% 1304+15A¢
! 11+54 31£74

o(T—0) 0.574£021 mQlcm 0.18+0.06 mQcm

* This work.

® Data from Ref. [11].
¢ From Allen’s formula.
¢ From Ginzburg-Landau's formula.

about 3200+ 800 A, and coherence length of 24 A
implies a « of roughly 100 to 150. Using x= 150,
T,=30K, H,(0)=62T gives |T—T.| in the order
of 0.1 K. This value is somewhat less than we observed
in the experiment.

S. Summary

In summary, the magnetoresistance properties of
Rb;Cqq single crystal have been studied. We attribute
the broadening of the resistive transition to the super-
conducting state to the combined effects of magneto-
fluctuations near 7, and thermally activated flux creep
at lower temperatures. Several normal and supercon-
ducting parameters were obtained from our analysis.
Table 1 list the microscopic parameters characterizing
the normal and superconducting states of single-crystal
Rb;yCep, together with corresponding parameters for
single-crystal K,Ce,,.
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