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Transport properties of AgsPb,0¢: A three-dimensional electron-gas-like system
with low carrier density
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We report normal-state transport properties of the single-crystalline samples of the silver-lead oxide
superconductor AgsPb,Og, including the electrical resistivity, magnetoresistance, and Hall coefficient. From

the Hall coefficient measurement, we confirmed that the carrier density of this oxide is as low as 5 x 10*' cm
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B

one order of magnitude smaller than that for ordinary alkali metals and noble metals. The magnetoresistance
behavior is well characterized by the axial symmetry of the Fermi surface and by a single relaxation time.
The T? term of the resistivity is scaled with the specific-heat coefficient, based on the recent theory for
the electron-electron scattering. The present results provide evidence that AgsPb,Og is a low-carrier-density

three-dimensional electron-gas-like system with enhanced electron-electron scatterings.

DOI: 10.1103/PhysRevB.88.205143

I. INTRODUCTION

Three-dimensional (3D) interacting electron gas is one
of the most fundamental subsystems in condensed matter.
Properties of this system are characterized by the carrier
density n or by the electronic-density parameter ry,
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where kp = (37%n)!/3 is the Fermi wave number, ap =
(4 goh?)/(mee?) is the Bohr radius, and o = (4/97)'/3. Here,
&o is the permittivity of the vacuum, 7 is the Dirac constant, m,
is the electron mass, and e is the elementary charge. Crudely
speaking, r; is the radius of a sphere for one conduction
electron normalized by ag.

Interestingly, theories have predicted that the electronic
compressibility of the electron gas can be negative for
r¢ > 5.25.' Furthermore, the ground state of 3D electron
gas can be different from the ordinary Fermi liquid state
if rg is larger: ferromagnetic states, insulating states, and
even superconducting states have been predicted.”™ These
unconventional phenomena originate from underscreening
of the long-range Coulomb interaction. Recent observation
of the negative dielectric constant in low-density Rb fluid
demonstrated that the instability of the 3D electron gas against
the long-range Coulomb interaction is not fictitious.®’

In such a context, superconducting materials with low
carrier density are interesting. Old examples of such low-
carrier-density superconductors are SrTiO;_s (Ref. 8) and
Bag ¢K(4Bi0;.° Recently, superconductivity in famous wide-
gap semiconductors such as diamond,'© silicon,!! and SiC
(Refs. 12 and 13) has been discovered. Other remarkable
examples with a higher critical temperature T are the doped 8-
HfNCI (Ref. 14) and doped fullerene.!>'® For these materials,
their carrier density n can be as small as the order of 10%°
cm™3, which is a few orders of magnitude smaller than n for
the typical metals, e.g., 8.5 x 10?* cm™2 for pure copper and
2.5 x 10%* cm~* for pure sodium.!”

All superconductors listed above are doped semiconductors
or insulators. As a low-carrier-density superconductor with
intrinsic carriers (i.e., no carrier doping), the silver-lead
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oxide AgsPb,O¢ (n ~ 5 X 10! cm~3 and r¢ ~ 6-8) (Refs. 22
and 23) is of a particular importance. The crystal structure
consists of alternating stacking of the kagome lattice of Ag
and honeycomb lattice of PbOg penetrated by Ag chains, as
shown in Figs. 1(a) and 1(b). We discovered the ambient-
pressure superconductivity of this oxide below 7. = 52 mK
by the resistivity and ac susceptibility measurements.?>>*
The band-structure calculation'® and the quantum oscillation
experiment?*?! revealed that AgsPb,Og has a nearly spherical
“free-electron-like” Fermi surface as shown in Fig. 1(c),
despite its apparent layered structure. The shape of this
Fermi surface is similar to those of the alkali metals and
noble metals. Among such “simple” monovalent metals,
however, AgsPb,Og is a very rare case of an ambient-pressure
superconductor, with the only exception of pure lithium with
the ambient pressure T, of 0.4 mK.% Moreover, AgsPb,0q
is a rare superconductor also in the sense that it is the
only-known type-I superconductor among oxides.?® The band
calculation,'?¢ as well as the neutron diffraction and x-ray
absorption studies,?’ have pointed out that Pb-6s and O-2p
electrons mainly contribute to the electric conductivity; Ag-4d
and Ag-5s electrons give a minor contribution. The band
calculation suggested that the electronic configuration of this
oxide can be represented as Ag*sPb*t,0% e, i.e., one
conduction electron exists per formula unit. Thus, the electron
density n is estimated to be n ~ 1/V; = 5.1 x 10> cm™3,
which is one order of magnitude smaller than n for the alkali
metals and noble metals. Here, V; is the volume for one formula
unit.

The normal state of AgsPb,Og is also very attractive:
Its resistivity exhibits nonlinear 7 dependence, nearly 72
dependence, up to room temperature.”> This dependence is
quite different from those of ordinary metals, whose resistivity
depends linearly on 7 near room temperature due to the
electron-phonon scattering. The observed 72 dependence
suggests a dominance of unusual scattering in AgsPb,Og.

In this paper, we present normal-state transport properties of
AgsPb,Og single crystals, including the resistivity o, magne-
toresistance (MR) p(H ), and Hall coefficient Ry. The value of
the T2 coefficient of p(T) agrees with the recent theory on the
electron-electron scattering by Jacko, Fjerestad, and Powell.?
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FIG. 1. (Color online) Crystal structure (Ref. 18) and Fermi
surface (Refs. 19-21) of AgsPb,O¢. Panels (a) and (b) present the
top and side views of the crystal structure, respectively. The blue
spheres indicate Ag(1) (chain site), the red spheres indicate Ag(2)
(kagome site), and the octahedra indicate the PbOg octahedra. The
Fermi surface shown in (c) is drawn using the parameters reported in
Ref. 21. The colored region is the Fermi surface in the first Brillouin
zone.

This fact suggests that the origin of the 7% dependence of
resistivity is electron-electron scatterings. The Hall coefficient
is negative and its absolute value is well consistent with
the estimated value of n. The present results experimentally
prove that AgsPb,Og is indeed a low-carrier-density analog
of the alkali metals and noble metals, with electron-electron
scatterings enhanced by the low carrier density.

II. EXPERIMENT

In this study, we used single crystals of AgsPb,Og, which
have hexagonal rodlike shape along the ¢ direction with
dimensions of approximately 1 x 0.2 x 0.2 mm>. We grew
them by the self-flux method,?? from mixture of 5-mmol
AgNOj3; and 1-mmol Pb(NO3),. All measurements reported
here are performed with a commercial multipurpose measure-
ment system (Quantum Design, model PPMS). The electrical
resistivity p and the Hall coefficient Ry were measured using a
conventional four-probe method with a square-wave current of
approximately 10 mA, in a temperature range between 1.8 and
350 K and a field range up to =70 kOe. The electric current
was applied parallel to the ¢ axis of the crystal. To improve the
quality of the electrical contacts compared with our previous
studies,?>?? we used silver paste (Dupont, 4922N) to attach
the electrical leads (gold wires) to crystals. We note that we
used diethyl succinate as solvent since some other solvent such
as butyl acetate seriously damages the surface of AgsPb,Og
crystals.
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For Hall coefficient measurements, magnetic field H was
applied parallel to the ab plane. The interlayer magnetoresis-
tance with I || ¢ was measured in both H || ab and H || c.
In the Hall coefficient measurements for H || ab, a small MR
signal is mixed in the Hall voltage Vi, due to the misalignment
of the contact positions. In order to subtract the MR component
from Vy, we first measured the dependence of Hall voltage on
magnetic field from 70 to —70 kOe and then the true Hall
voltage Vi is obtained as Vy(H) = [Vy(H) — Vu(—H)]/2
based on the assumption that Vi should be an odd function
of H. Similarly, a small Hall voltage in the transverse MR
voltage Vg for H || ab was subtracted by extracting the even
part of Vyr(H) on H as [Vmr(H) + Vmr(—H)1/2.

III. RESULTS
A. Resistivity

The temperature dependence of the interlayer resistivity
pe in zero field is presented in Fig. 2(a). It is clear that
T dependence is nonlinear even at room temperature and
is quite different from 7 dependence for ordinary metals:
p o< T3 dependence for T < 0.20p and p o< T dependence
for T 2 Op, where Op is the Debye temperature. Instead, we
can fit the p.(T) data with the formula p.(T) = AT? + po.
We obtain A = 1.8 x 1073 uQcm/K? for the fitting in the
range T < 240 K [see Fig. 2(a)]. We comment here that a
slightly higher value A = 1.9 x 1073 uQ cm/K? is obtained
for the fitting in the whole temperature range (not shown).
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FIG. 2. (Color online) Temperature dependence of (a) the inter-
layer resistivity p. and (b) Hall coefficient —Ry of AgsPb,Og. The
broken curve in (a) is the result of the fitting of the relation p.(T) =
AT? + p in the range T < 240 K. The dotted curve represents the
resistivity due to the electron-phonon scattering based on the Debye
model given by Eq. (7). In the inset, p, is plotted against 7> with the
fitted curve p.(T) = AT? + py. We note that — Ry is plotted in (b);
the value of Ry is negative for the whole temperature range.
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From the fitting, we obtain the residual resistivity py =
4.7 2 cm. From the relation [cf. Eq. (6)]

14

N (ep)v2)t’ @

p:

where V is the unit-cell volume, N(eg) = 1.33 states/eV is
the density of states at the Fermi level,'” and (v?) = (2.43 x
10°)?> m?/s? is the squared average of the z component of the
Fermi velocity,!” we obtain the scattering time at the lowest
temperature T = 0.33 ps.

It is important to compare the present results with the
Mott-Ioffe-Regel (MIR) limit.>’ The MIR limit, which is
given by pmr = (3h)/ (ezk%d ) for a 3D metal, represents the
resistivity when the mean-free path / becomes comparable with
the interatomic distance d. Thus, a semiclassical treatment of
resistivity, such as the Boltzmann theory, is no longer valid
when the resistivity reaches the MIR limit. Indeed, in many
metals, resistivity is found to saturate to a value close to
pmir at sufficiently high temperatures, in clear contrast to the
prediction of p o< T based on the high-temperature Boltzmann
theory. For AgsPb,0Og, the MIR limit is estimated as pyr ~
730 w2 cm, based on the values kg = 0.53 A-! determined
from the quantum oscillation experiment’*>?! and d ~ a =
5.93 A.'® Therefore, p, of AgsPb,Og is still smaller than the
MIR limit in the present temperature range, manifesting the
validity of semiclassical treatments of transport phenomena.
The absence of any signs of saturation in p.(7) also support
this interpretation.

B. Hall coefficient

The magnetic-field dependence of the Hall voltage Vy; was
found to be linear for all present temperature and field ranges.
Thus, Ry is obtained simply from the slope of the data. We
plot the temperature dependence of — Ry in Fig. 2(b). The sign
of Ry is negative for all temperature range, indicating that the
carriers in this system are electrons.

From the relation Ry = 1/nq, where ¢ = —e is the charge
of the carrier and e is the elementary charge, we estimate
n of AgsPb,Og to be n = 5.7 x 10>! cm™3 using the low-
temperature value Ry = —11 x 1071 m?/C. This value is
very closeto 1/ Vs = 5.1 x 102 cm~3, where V; = 195.38 A3
is the volume for one formula unit at 4 K.?” This agreement
supports the simple picture that one conduction electron exists
in one formula unit. We note that the band calculation by
Oguchi' predicted the value of Ry to be —5 x 1071 m3/C.
This value is nearly half of the observed value, in reasonable
agreement with the present experiment. We also note that
the present value of n provides various superconducting
parameters consistent with the observed type-I behavior.??

C. Magnetoresistance

The magnetic-field dependence of the relative transverse
MR p.(H)/p:(0) — 1 is shown in Figs. 3(a)-3(c), where p.(0)
is the resistivity in zero field. The ratio p.(H)/p.(0) — 1 is
larger for lower temperatures, and exhibits a quadraticlike field
dependence for the present field and temperature range.

It is known that p(H)/p(0) — 1 for ordinary metals obeys
a scaling law, the Kohler’s law,*® with a certain even function
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FIG. 3. (Color online) Interplane transverse magnetoresistance
(MR) of AgsPb,O¢ (I || ¢ and H || ab). Panels (a)—(c) represent the
MR data at several temperatures. The Kohler’s plot for all data in the
panels (a)—(c) is presented in panel (d). The inset is the enlarged view
near H/p.(0) = O for the data above 40 K.
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In Fig. 3(d), p.(H)/p:(0) — 1 is plotted against H/p.(0). All
the data presented in Figs. 3(a)-3(c) collapse into one curve,
indicating that the Kohler’s law holds quite well in this oxide.

A simple interpretation of the Kohler’s law is that the
scattering process is governed by the product w. T, where w is
the cyclotron frequency and t is the electron relaxation time,
because p(0) o« T~ and H o w,. Thus, the Kohler’s law holds
when the scattering process is well described with a single ©
over the Fermi surface.>’ The present results indicate that the
scattering process remains a single-t scattering in the whole
temperature range.

In contrast, the interlayer longitudinal MR (7 || ¢ and
H || ¢) shown in Fig. 4 is nearly independent of the field
strength, e.g., the longitudinal MR at 2 K is 100 times smaller
than the transverse MR in Fig. 3(a). We also note that the
apparent negative MR above 100 K is attributed to small

F(x) (Ref. 31):
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FIG. 4. (Color online) Interlayer longitudinal magnetoresistance
(MR) of AgsPb,O¢ (I || ¢ and H || ¢). The apparent negative MR
above 100 K is attributed to small temperature variation during the
measurement due to the MR of the Pt thermometer.

temperature variation during the measurement due to the MR
of the thermometer.

This absence of the longitudinal MR is well interpreted
with the Fermi surface geometry. Within the semiclassical
picture and single-t model, the longitudinal conductivity
o0..[~p.(H | ¢)~'] can be expressed as*>33

2e? afo 0
O = — (—g)vz[k(o)] / v [k(r)] exp(z/T)dt,
k —0Q

“

where fy(¢) is the Fermi distribution function and v, (k) is the
group velocity of the conduction electron along the ¢ axis.
Here, k(¢) is time dependent due to the cyclotron motion and
should follow the equation of motion
hdk(t) ) x B. o(0) 1 de(k)
—— =qv(t) X B, v(t) = - .
ar 1 n ok

For B || c, the orbital of the cyclotron motion is perpendicular
to the ¢ axis. Because the Fermi surface of AgsPb,Og is
nearly axial symmetric around the ¢* axis'>?’ [Fig. 1(c)],
the cyclotron orbits are circles around the ¢* axis in k space
and v,[k(?)] is time independent along each orbit. Thus, the
right-hand side of Eq. (4) reduces to

2
o = 2% Zk: (—%—ﬁ)>v§[k(0)]t, ©)

&)

\% e

which is independent of the magnetic field. This naturally
explains why the field dependence is nearly absent for the
longitudinal MR in AgsPb,0Og.

IV. DISCUSSION

A. Origin of the T? dependence of resistivity:
electron-phonon scattering

From the transport data presented above, we experimentally
demonstrate that AgsPb,Og¢ is indeed a low-carrier-density
3D electron system with a spherical Fermi surface. In the
following, we discuss the origin of the unusual 7> dependence
of resistivity.

We first discuss the electron-phonon scattering. As widely
known, the electron-phonon scattering ordinarily results in
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p ~ T at temperatures higher than a few tenths of the Debye
temperature ®@p. In such temperature ranges, the resistivity
due to the electron-phonon scattering is given by’

o*F(w), 7

2mkgT /°° do x?
o o sinh?x

where x = w/(2kgT), &9 is the permittivity of vacuum, w,
is the plasma frequency given by w) = (ne?)/(m*so), and
a?F(w) is the electron-phonon coupling function. Here,
for the Debye phonon model, o?F(w) can be assumed as
o’ F(w) ~ 2k(w/@D)40(@D — w), with A being the dimen-
sionless electron-phonon coupling constant and 6(x) the step
function.’**° By using the values n = 5.7 x 10?! cm™ from
the Hall coefficient, m* = 1.2m,, ®p = 186 K from the
specific heat,?2, and A = 0.29 from the superconducting tran-
sition temperature,22 we obtain the dotted curve in Fig. 2(a),
exhibiting a linear temperature dependence with resistivity
values much smaller than the observed values. Thus, one can
conclude that the electron-phonon scattering can not explain
the observed resistivity either qualitatively or quantitatively.
As we have discussed in the previous paper,?? a model with
higher-frequency optical phonons is not applicable either
since existence of high-frequency phonon modes is totally
inconsistent with the specific-heat data.

Even for ordinary electron-phonon scatterings, the effect
of thermal expansion may mimic a nonlinear temperature
dependence of resistivity. Indeed, such a possibilitiy has been
discussed for certain materials such as Rb;Cg.>® However, for
AgsPb,Og, we can show that the thermal expansion effect is
not relevant either, as we discuss in the following. Generally,
the resistivity under constant pressure p,, should have arelation
with the constant-volume resistivity p, as

d apy a av
(7)), G, w
P T P

We here consider V as the unit-cell volume V = +/3a%c/2.
The second term should dominate the first term when a
substantial nonlinear temperature dependence in p, is ob-
served in spite of a linear temperature dependence in p,
expected for electron-phonon scatterings. In the case of
AgsPb,Og, however, if the second term were comparable
to (dpp/dT) ~2AT ~ 1.1 pQcm/K at 300 K, (aV/dT),
should be as large as the order of 0.066 A3/K from the value
(9pp/0V)r ~ 18 u2 cm/A3 at room temperature deduced
from results of hydrostatic-pressure experiments.>* However,
this value of (dV/9dT), is rather unreasonable because it is
nearly 10 times larger than the averaged volume change per
one Kelvin (Vg — V4x)/(300 K — 4 K) ~ 0.0067 A3/K.”’
Nevertheless, we can not exclude a certain contribution of
the thermal expansion in the p.(T) data; for example, a
small deviation from the p.(T) o T? behavior above 240
K [Fig. 2(a)] might be attributed to the thermal-expansion
effect.

B. Origin of the T2 dependence of resistivity:
electron-electron scattering

Next, we focus on the electron-electron scatterings. It
has been pointed out by Kadowaki and Woods*’ that, for
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a class of heavy-fermion compounds, the coefficient A of
the T2 term of the resistivity originating from electron-
electron scatterings and the molar electronic specific-heat
coefficient y satisfy a relation A/y? = ao, where ag = 1.0 x
107> uQ cm(K mol/mJ)?. The ratio A/y? is widely known
as the Kadowaki-Woods (KW) ratio. For AgsPb,Og, we
demonstrated that the KW ratio is much larger than a.
From this fact, in the previous paper, we speculated that
electron-electron scatterings are not the origin of the nonlinear
temperature dependence of resistivity.??

One problem of the KW ratio is that it is a ratio between a
volume quantity A and a molar quantity y, as pointed out by
Hussey.*! Extending this idea, Jacko, Fjzrestad, and Powell
(JFP) refined the KW ratio by taking into account the conduc-
tion carrier density n and the dimensionality d of the electronic
state.”® They claimed that A, ¥, and n hold the relation

% fd(’;) g1, ©)
v dhkge?

where y, is the electronic specific-heat coefficient for a unit
volume. Hereafter, we shall call the left-hand side of this
equation as the JFP ratio. The functional form of f,;(n) varies
depending on the dimensionality d. In the case of d = 3, this

function is
3 7 \1/3
f3(n)=( - ) . (10)

TR0

Jacko et al. uncovered that the JFP relation holds for a wide
variety of materials, including pure metals, transition-metal
oxides, heavy-fermion compounds, and organic conductors.
For AgsPb,0g, we obtain the JFP ratio of 180-230, using
the values A = 1.8 x 1073 uQcm/K?, y, = 29.1 J/K? m3,??
and n = 5.1-5.7 x 10?! cm~>. Although the obtained values
are two to three times larger than the theoretical prediction,
the value is within the range of the variation of the JFP ratios
among different materials, as represented in Table I. We should
also note that the coefficient A for the in-plane resistivity o,
is approximately two times smaller than that for p..>> Thus,
the JFP ratio for p,; should be closer to the theoretical value.
This agreement with the JFP theory indicates that the
electron-electron scattering plays a dominant role in the
resistivity of AgsPb,Og. The disagreement with the KW
relation?? is probably due to the low carrier density: As n

TABLE 1. Jacko-Fjerestad-Powell (JFP) ratios for several three-
dimensional conductors compared with the theoretical value. Except
for AgsPb,0g, the values in this table are calculated from the values
listed in the Supplemental Material of Ref. 28.

n(m™>)  AuQcmK2) y, JK2m™?) JFP ratio
AgsPb,Og 5.1 x 10?12 0.0018 29.1 180

5.7 x 10*1® 0.0018 29.1 230
UBey3 1.3 x 107! 530 3400 160
LiV,0y4 42.9 x 10% 2 10000 240
Rb;Cq 4.0 x 107 0.01 110 41
Theory 81

2From the chemical formula.
YFrom the Hall coefficient.
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decreases, y becomes smaller and A becomes larger, resulting
in a KW ratio larger than ay.

Finally, we discuss why the T2 dependence of p in
AgsPb,Og¢ is observed in the unusually wide temperature
range. Because of the low carrier density in AgsPb,Og,
the electron-electron scattering is enhanced compared to the
ordinary metals. However, as listed in Table I, the value of the
coefficient A is a few orders of magnitude smaller than those
for typical strongly correlated systems. Thus, the electron-
electron scattering in AgsPb,Og is still much weaker than those
in strongly correlated systems. Nevertheless, in these strongly
correlated systems, 72 dependence is only visible below a
certain temperature Ty because strong renormalization of
interactions is essential for the 7% behavior.*>** For example,
in heavy-fermion systems, 7Ty is closely related to the Kondo
effect, which is a renormalization of interactions among the
conduction electrons and the localized magnetic moment of
f electrons. In contrast, the electron-electron scattering in
AgsPb,Og does not involve such renormalizations. Therefore,
there is no limiting temperature of the T2 dependence in
AgsPb, 0, maintaining the T2 dependence up to above room
temperature.

C. Electronic-density parameter ry

We obtain the electronic-density parameter ry = 6.5-6.8
using Eq. (1) from the value n =5.1-5.7 x 10! cm™?
determined either from the chemical formula or from the
Hall coefficient. As another estimation of r;, we use the
relation ry = (wkpag)™' and quote the value kg = 0.53 Al
determined by quantum oscillations.?*?! Then, we obtain
rs = 6.8. Furthermore, if we use aj; = (4 eoh?)/ (m:ez) with
the effective electron mass m* = 1.2m. (Ref. 20) instead of ag,
we obtain r; = 8.2. We comment here that the observed small
mass enhancement is consistent with the Fermi liquid theory
for the low-density electron gas presented by Kiichenhoff and
Wolfle,* who calculated the mass enhancement m* /me = 1.02
for r¢ = 5 and 1.08 for ry = 10.

Theoretically, it is predicted that the electron gas with rg >
5.25 have negative electronic compressibility x = d./9n.'
Indeed, experimental evidence for such unconventional elec-
tronic state was reported by Matsuda er al.,° who studied
the structure of the low-density Rb fluid in the range 4.5 <
rs < 9.0. In the case of AgsPb,Og, rs is larger than the
critical value 5.25. So far, we have not observed anomalous
behavior indicating negative electronic compressibility. It
is interesting to examine whether the negative electronic
compressibility « is realized in AgsPb,Og¢. The sign of k may
be examined from the dependence of the chemical potential
on the electron density, e.g., by a quantum-oscillation study
under hydrostatic pressure. In addition, our analysis of the
resistivity data indicates strong electron-electron scatterings
with light mass dominated by the Coulomb interaction. Pos-
sibility of Coulomb-interaction-induced superconductivity>=
in AgsPb,0Og is also worth pursuing.

V. SUMMARY

We have studied normal-state transport properties of the
3D electron-gas-like superconductor AgsPb,Og. From the
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Hall coefficient, we confirmed that the carrier density n is
n~5x10?! cm™ and is one order of magnitude smaller
than those for alkali metals and noble metals. The magnetore-
sistance behavior is well attributed to the approximate axial
symmetry of the Fermi surface and to a single relaxation
time. These results experimentally prove that AgsPb,Og is
indeed a low-carrier-density analog of the alkali metals and
noble metals. The T? coefficient of the resistivity satisfies
the Jacko-Fjarestad-Powell relation.?® This fact suggest that
the origin of the T2 dependence of the resistivity is the
electron-electron scattering enhanced by the low value of 7.
The present value of n corresponds to r; ~ 6.5-8.2. Thus,
crudely speaking, AgsPb,O¢ is in the regime rg > 5.25,
where the electronic compressibility can be negative. It is
an interesting future issue to examine the possibility that the

PHYSICAL REVIEW B 88, 205143 (2013)

negative electronic compressibility is realized in AgsPb,Og,
as well as its relation to the superconductivity.
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