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Universal Form of Hall Coefficient in K and Rb Doped Single Crystal Cg
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We report the first Hall effect measurements on K and Rb doped single crystals of Cgq. The
temperature dependence of the Hall coefficient Ry for each material and the variation in Ry between
the two materials can be accounted for solely by the variations in lattice constant, yielding a universal
relationship of Ry versus lattice constant for the alkali-doped C¢p systems. The results are interpreted
in the context of a strongly disordered system in which the Hall coefficient is sensitive to disorder

broadening at the Fermi energy.

PACS numbers: 72.15.Eb, 61.46.+w, 63.20.Kr

The alkali-doped Cgy superconductors [1] compose a
family of uniquely tunable binary superconductors with
high transition temperatures. Variations in lattice constant
yield variations in 7, over an order of magnitude from ~3
to ~30 K [2]. The electronic structure [3] and transport
properties [4,5] of these materials are strongly affected
by the orientational disorder of the Cgo constituents,
raising questions as to the most appropriate picture for the
electronic states. The Hall effect can provide information
as to the nature of the relevant electronic structure.
Unfortunately, the only existing Hall effect measurements
were performed on a granular K doped Cg film [6] with
a nonmetallic resistivity and zero-dimensional fluctuation
conductivity near 7.. Since Hall effect measurements
are known to be sensitive to sample granularity [7],
experiments on single crystal samples are necessary to
obtain accurate information on electronic and transport
processes.

We present the first measurements of the Hall effect
on K and Rb doped single crystal Cgo samples. The
temperature dependence of the Hall coefficients of K3Cgg
and Rb3;Cg¢ from the superconducting transition to room
temperature can be described by a universal function
of lattice constant. The results are interpreted within
a conventional band picture with disorder broadening
of electronic states near the Fermi level and a lattice-
constant-dependent density of states. In this temperature
range the Fermi surface is strongly modified by scattering
on a length scale on the order of the interball distance.

Thin platelike Cgp single crystals of typical size 500 X
200 X 30 wm?3 with shiny facets were doped with K or
Rb following standard techniques [8]. Prior to doping,
eight gold wires were bonded to the edges of the crystal.
The iterated dopes and anneals were guided by in situ
monitoring of the two and four probe resistance. The Hall
effect was determined by applying an external magnetic
field of up to 8 T perpendicular to the largest crystal face
and passing an ac current of ~10 mA at 37 Hz through
the sample. A current balance technique [9] was used to
zero the Hall voltage at zero magnetic field. Both positive
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and negative magnetic field sweeps were used throughout
to eliminate low-frequency drift effects.

Figure 1 shows the temperature-dependent Hall coef-
ficient Ry from just above the superconducting transi-
tion to 300 K for optimally doped K3;Cg¢y and Rb3Cgp
samples. Ry for K;3Cgg is negative and increases linearly
with increasing temperature with a slope of 0.0055 X
107° m?/C K. The room temperature value of —1.4 X
107° m?3/C coincides with the free electron value for three
electrons per Cgp. We emphasize, however, that a direct
comparison with the free electron result is of limited util-
ity in a system with a complex Fermi surface. The Hall
coefficient for Rb3;Cgg, also linearly temperature depen-
dent with similar slope, is displaced upward from that of
K3Cg¢o and has a zero crossing at 7 ~ 120 K.

We characterize the possible effects of variations in
effective sample geometry by sytematically measuring the
doping dependence of p and Ry. The functional form
of p(T) is doping independent, indicating that both the
intrinsic residual resistivity and the intrinsic temperature-
dependent resistivity are also doping independent [10].
Figure 2 shows the Hall mobility py = Ry /p for three K
doped samples which have room temperature resistivities
in the ratio 1:2:3, a ratio consonant with substantial
differences in doping between the samples. As shown in
Fig. 2, uy is doping invariant, suggesting that the phase
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FIG. 1. Temperature-dependent Hall coefficient of the opti-

mally doped K;Cg and Rb;Cgy samples.
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FIG. 2. Temperature dependence of the apparent Hall mobil-
ity of three K,Cs samples with different doping levels. The
resistivity ratios at 300 K are A : [J: e =3:2:1. Note that
the x in K,Cgq is a sample average; the actual material will
consist of a mixture of line phases with x = 0, 1,3, 4, and/or 6.

boundaries inside of the thin-plate samples are parallel to
the major faces, a geometry in which the functional forms
of p(T) and Ry(T) are intrinsic to the A;Cqp (A = K,
Rb) phase [11]. In addition, the ratio of extrapolated
T = 0 resistivities for the optimally doped Rb3;Cgy and
K3Cgo samples was [p(Rb3;Ce)/p(K3Ce0)] = 1.6 [with
p(K3Cq0) = 1.0 mQ cm], a value consistent with the
best estimates of the ratio of instrinsic resistivities for
these two compounds [12—15] and indicative of similar
effective geometries for our optimally doped samples.
Previous work demonstrates a strong influence of
thermal expansion upon the form of p(7) in Rbs;Cg
[16]. This result suggests that lattice thermal expansion
should be taken into account in a discussion of Ry(T).
The lattice thermal expansion of A;Cg in the temperature
range of interest can be adequately expressed as a(T) =
ag + bT, where b is 3.52 x 107* AK ! for K3Cq [17]
and 4.40 X 1074 AK~! for RbsCe [18]. Using these
results, we plot Ry as a function of lattice constant in
Fig. 3. We obtain a striking relation—the difference
in Ry between K;Cgy and Rb3;Cgy samples at a given
temperature can be ascribed purely to the difference in
the lattice constant between the two materials. This
result suggests that the variation in Ry with temperature
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FIG. 3. Hall coefficient as a function of lattice constant for
the optimally doped K;C¢y and Rb3;C¢y samples.
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for a given sample can also be attributed purely to
changes in lattice constant. Apparently, Ry at constant
volume is temperature independent for both materials.
A simple linear fit yields a lattice constant dependence
of Ry =[—2.8 + 13.9(a — 14.15)] X 107 m?/C, where
a is measured in angstroms.

Prior calculations of the Hall coefficient using the Jones-
Zener solution [19] of the Boltzmann equation in an
orientationally ordered system at zero temperature with
isotropic scattering time yield Ry = 7 X 107° m3?/C for
both K3Cgp and Rb3Cg [20]. This result, which is weakly
pressure dependent, arises from a complex weighted av-
erage of curvature over the Fermi surface. The result
is at variance with the present experiments, wherein the
Hall coefficient is much smaller in absolute magnitude and
negative over a broad temperature range. In addition, the
universal dependence of Ry on lattice constant suggests a
pressure dependence much stronger than that calculated.
Since the Hall coefficient is sensitive to details of the
Fermi surface curvature, it is plausible that the discrep-
ancy between theory and experiment is due to disorder-
induced modification of the Fermi surface which is not
taken into account in the orientationally ordered calcula-
tion. Although other etiologies could be envisioned (nona-
diabatic effects, electron-electron correlation), the primary
electronic feature determining the character of the elec-
tronic states appears to be the strong orientational disorder.

The common source of a temperature-dependent Hall
coefficient is a temperature-dependent anisotropy in the
scattering time at temperatures below ©pcpy. Judging
from experimental and theoretical indications of moderate
total electron-phonon coupling [21] and small electron-
alkali-phonon coupling [22], the primary contribution
to the electron-phonon scattering time can plausibly be
attributed to high frequency on-ball optical phonons.
The near Einstein nature of Cgy optical phonons and
the strong electronic disorder suggest that any purely
phonon anisotropy is weak and insensitive to temperature.
Although the interball vibrational modes are expected
to show significant dispersion, their frequencies are too
low (~100 K) to explain the temperature dependence
in Ry observed up to 300 K. In addition, the measured
universal dependence on lattice constant argues strongly
(if somewhat circularly) against a significant temperature-
dependent phonon contribution to Ry. Instead, we must
seek an explanation invoking a mechanism which itself
shows universal scaling. In particular, we examine the
combined influence of orientational disorder and universal
scaling of the density of states.

We begin our discussion of a model for the universal
scaling of Ry by introducing the appealing theoretical
construct of the scattering length surface [23]. In this
treatment, the Hall conductivity o,, of a two-dimensional
system is identified with the number of flux quanta that
thread a surface constructed by tracing the circuit of the
vector scattering path length € = v, 7, as k circumscribes
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the Fermi surface (the three-dimensional case is treated
as an integral over these two-dimensional constructs).
The Hall coefficient Ry is obtained from the ratio Ry =
Oy /0xx0yy. For a single-sheet Fermi surface with
isotropic scattering, the resulting scattering path locus
is simply a circle (sphere in 3D) which yields the free
electron result of Ry = —(1/nec). More complex Fermi
surfaces with anisotropic scattering times yield additional
loops in the scattering length locus which contribute in
accord with the sign of circulation of the scattering length
vector about these regions.

Calculations using a tight-binding disordered supercell,
a cluster Bethe lattice, and a disorder-smeared virtual
crystal [4] all yield a Fermi surface for the disordered
system composed of pairs of parallel smeared sheets in
the Cartesian directions with square electronlike regions
centered at I', X, and K (the region around K is severely
smeared). The electronlike nature of the disordered Fermi
surface is consistent with the predominately negative Hall
coefficient. We model the disorder by considering large
supercells with the disorder incorporated into the unit cell.
Since this model system has perfect order, the resulting
Fermi surface is well defined and unsmeared, albeit quite
complex due to the very large unit cell. Qualitatively,
this Fermi surface will mimic the cluster Bethe result
of a smeared quasi Fermi surface, but instead of true
smearing the Fermi surface will have fine detail over
a width consistent with the zero-temperature mean free
path. This fine detail will consist of both numerous small
electronlike and holelike pockets and the complex local
curvature of the larger sections of Fermi surface, sections
which may either encompass the I' and X points or bridge
across the zones.

The numerous small holelike and electronlike pockets
will contribute oppositely to the integral determining Ry,
presumably yielding a small net contribution to the Hall
coefficient. Anisotropy in the scattering length along the
large-scale sections of the Fermi surface will lead to the
formation of secondary loops associated with negative-
curvature regions of these extended portions of the Fermi
surface. Since regions of negative curvature are generally
closer in k space to the bottom of the band than are
regions of positive curvature, these negative curvature
regions should have larger Fermi velocities (the bands
must disperse more strongly to reach the Fermi surface
over a smaller distance in k space). As shown in Fig. 4,
the secondary loops then contribute opposite in sign
from the main loop contribution [23]. The variation in
Ry with lattice constant can be qualitatively modeled
by assuming that the relative k-space extent of the
disorder broadening of the Fermi surface increases with
increasing lattice constant: As the k-space extent of the
disorder increases, the secondary loops grow and the Hall
coefficient increases.

The question remains how an increase in lattice con-
stant could yield an increase in the disorder broadening

FIG. 4. (a) Blowup of the disordered Fermi surface, showing
variation in vy near a region of negative curvature (a “dip”).
The Fermi velocity is larger toward the origin which is the
center of a large electronlike region. (b) Large-scale view of
Fermi surface. Shading delineates region containing the com-
plex disordered Fermi surface. Adapted from [4]. (c) Circuit

traced by scattering length vector | = 790, corresponding to the
portion of Fermi surface shown in (a). The circulation in the
secondary loop is opposite to that in the primary loop. A simi-
lar argument applies to “bumps” in the Fermi surface.

at the Fermi level. If the effects of the disorder have a
characteristic energy scale which is to lowest order inde-
pendent of the lattice constant, then the k-space extent of
the disorder broadening will be an increasing function of
density of states at the Fermi level and hence an increas-
ing function of lattice constant. The increased residual re-
sistivity of Rb3Cgy compared to K3Cgo [12—15] provides
some support for this scenario. The universal scaling of
Ry is then a natural consequence of the universal scaling
of the density of states as a function of the lattice constant
[24]. At low disorder broadening the Hall conductivity is
dominated by the primary loop in € space which is pro-
duced by the large regions of enclosed electrons. At large
disorder broadening the Hall conductivity is dominated by
secondary loops in ¢ space which contribute to Ry oppo-
site in sign to the primary loop. This argument suggests
that the Hall coefficient Ry in A3;Cgy will increase from
negative values at low disorder broadening (K3Cgo sample
at low T and small density of states) to positive values at
larger disorder broadening (RbzCgo sample at high 7 and
large density of states). The behavior is similar to that
suggested [25] for disordered nearly free electron metals,
wherein the Hall coefficient is inversely dependent on the
density of states.

A quantitative calculation requires knowledge of the
total area of the secondary loops. The extent of the loops in
the radial direction is easily estimated from the variation in
Fermi velocity across the smearing region. More difficult
to estimate is the filling factor of the secondary loops
within these annular regions. Within a simple model [26]
one obtains

Oy = ogyz(l — y0). )
0

The prefactor o7, is the (unknown) Hall conductivity at
infinitesimal disorder, expected to be of the order of the
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free electron value. C is a geometrical factor of order
unity associated with the filling factor of the secondary
loops. The parameter 7y is the ratio of the energy scale
of the disorder to the Fermi energy. Alternatively, it can
be expressed as y ~ (1/€ky), £ the disorder-induced mean
free path and ks the characteristic Fermi wave vector.
The Hall coefficients for K3Cgy and Rb3;Cg extrapolated
linearly to 7 = 0 can be combined with estimates of
the T = 0 disorder-induced mean free paths from upper
critical field data [14,15] to determine the geometric factor
C. We obtain C ~ 1.9, of the correct sign and order of
magnitude.

Although finite phonon energies, thermal smearing,
and true (nonsupercell) disorder will wash out the finest
structure of the disordered supercell Fermi surface, the
functional form of Ry is primarily determined by the
Fermi surface sampling of the large-scale variation in
vy, a large-scale feature which should not be washed out
by moderate smearing. Temperature-dependent thermal
smearing will contribute a nonuniversal term to the vol-
ume dependence of the Hall coefficient. However, tak-
ing a mean free path of 12 A for Rb3C¢y at T = 0 [15]
and vy = 1.5 X 108 cm/sec [15], a simple estimate for
the energy scale of the disorder yields AE = (hv;/€) =
1400 K, substantially larger than the temperature range of
this experiment— temperature-dependent thermal smear-
ing should make a minor nonuniversal contribution to
Ry. We also note that the orientational disorder in alkali-
doped Cg appears to be frozen in the temperature regime
of this experiment, arguing against the possibility of
nonuniversal contributions to Ry from temperature depen-
dence in the nature of the orientational disorder.

Hall effect measurements on K3Cgp and Rb;Cgp single
crystal samples yield Ry as a universal function of lat-
tice constant, apparently regardless of whether dilation is
caused by thermal expansion or steric effects. A qualita-
tive model incorporating lattice-constant-dependent disor-
der broadening at the Fermi level is consistent with this
universal form and accounts for the discrepancy between
the experimental results and previous calculations on ori-
entationally ordered systems. The theoretical treatment
yields a simple prediction for the pressure dependence of
the Hall coefficient, namely, the same universal functional
dependence on volume should be evinced if the volume
change is induced by pressure rather than temperature
or species of alkali atom. A similar argument applies
to alloys such as Rb,Cs3;_,Cgp or K,Rbs_,Cg¢, materials
which would be expected to have temperature-dependent
Hall coefficients in accord with this universal form.
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