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Nonlinear temperature dependence of resistivity in single crystal AgPb,Og
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We measured electrical resistivity, specific heat and magnetic susceptibility of single crystals of highly
conductive oxide AgPb,Og, which has a layered structure containing a Kagome lattice. Both the out-of-plane
and in-plane resistivity sho? dependence in an unusually wide range of temperatures up to room tempera-
ture. This behavior cannot be accounted for either by electron correlation or by electron-phonon scattering with
high frequency optic phonons. In addition, a phase transition with a large diamagnetic signal was found in the
ac susceptibility, which strongly suggests the existence of a superconducting phase below 48 mK.
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I. INTRODUCTION It was Jansert al. who first succeeded in the controlled

One of the central issues of solid state physics in recentynthesis of polycrystalline A@b,Os by a high oxygen
decades has been the physics of an electron-ele¢an  Pressure methotiA recent report by H. Abet al. on a new
correlation. As a hallmark of the Fermi liquid state formedMethod to obtain single crystafsmade it possible to per-
by strong electron correlations, the resistivity exhifitsde- fprm more precise experiments. Nevertheless, so far no ar-
pendence at low temperatures, as in many heavy-fermioficle on experiments with single crystals has been published,
systems. The T? dependence of resistivity also appears inalthough there are several articles on closely related materi-
quasi-2-dimensional Fermi liquid of oxides such asals, such as Bi and In substitution to the Pb $t€u sub-
SrL,RuQ,,2 which is strongly suggested as a spin-triplet su-stitution to the Pb sité¢ and AgPb,Og with defectst> We
perconductor withT,=1.5 K. Interestingly, a layered com- note that there are also articles on powder samples by Djurek
pound MgB, which shows superconductivity 3 =39 K2 et al.reporting several strange propert{€4?which have not
also exhibitsT? dependence in the resistivity up to 240*R.  been reproduced by other groups to the best of our knowl-
The p=T? law in MgB, is attributed, not to the e-e correla- edge.

tion but to the strong electron-phonga-ph coupling be-  We present here the first report on physical properties of
tween a qua3|72—d|men3|onal conduction band and an optigingle crystalline AgPb,Og. We synthesized the single crys-
phonon mode in the boron honeycomb la¥er. tals and measured resistivity, specific heat and magnetic sus-

As another example of a layered system which exhiBits  ceptibility. In resistivity, we succeeded not only in reproduc-
resistivity, but in a much wider temperature rangeto room  ing the T2 dependence of the out-of-plane resistivity, but also
temperaturewe report here the physical properties of a lay-in finding the same dependence of the in-plane resistivity for
ered oxide AgPb,0s. This material was first reported by the first time. We will discuss the possible origin of the un-
Bystrom and Evers in 1950As shown in Fig. 1, the crystal ysualT? resistivity. What is more, we found a large signal of
structure consists of an alternating stacking of Kagome laygiamagnetic phase transition around 48 mK, which implies

ers of silver and honeycomb-like networks of Rp@tahe-  that a bulk superconducting phase exists inRigOs.
dra, which is connected by one-dimensional chains of silver

penetrating the layers. As a whole, &0 forms a hex-

agonal P31m structure with lattice parametersa=b Il. EXPERIMENTS
=5.93243)A and c=6.41054)A.8

Far before the report of thex T2 law, it was suggested by The single crystals of AgPb,0g used in this study were
Dickens that AgPb,0Og shows metallic conductivity,and it  grown by basically the same method as the one Shitteda
was confirmed by Jansest al. in polycrystalline sample%. reported. ! As starting materials, we used AgNO
Band calculation by Brennaet al. revealed that its Fermi (99.9999% and PHNO;), (99.999%. We ground them in a
level is located near the center of the band and that its cormortar, and put the powder into thin /A5 crucibles with a
ductivity is attributed to one free electron from one formula10-mm inner diameter. The ratio of Ag and Pb is basically
unit, de-localized to all over the silver substructure; thus itsstoichiometric. The crucibles were heated in air to 80°C and
valence formula is represented é&gs)**(PH**),(0?)e.1%  kept for 3 hours, then heated up to 300 °C in 8 hours and up
The T? dependence of the resistivity up to room temperaturdo the reaction temperature at 394 °C in another 5 hours. We
for the out-of-plane resistivity of single crystals was recentlynote here that one should cover the crucibles with larger
reported by Shibatat al. at meetings of the Physical Society crucibles or something in order to avoid pollution of the
of Japan!! This dependence is rather unusual, because rdurnace, since melting AgNQsometimes splashes out of the
sistivity of almost all metals showl-linear dependence crucibles. The temperature was kept at this temperature for
around room temperature due to the dominance of e-ph sca48 hours, and the crucibles were furnace-cooled to room
tering. temperaturé?
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FIG. 1. Crystal structure of AgPh,Og.
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FIG. 3. Temperature dependence of the out-of-pléaopen
squares and the in-plane resistivitgpopen trianglesdown to 3 K.
Solid lines are the fitting withp(T) =pg+A’'TP with p=2.13 for p,
andp=2.11 forp,p,. Dashed lines are the fitting assuming the exis-

However, the crystals obtained with the above parametengnce of an Einstein-like optic phonon mode.

do not have well-defined shapes as shown in Fg), 2hus
they are not suitable for resistivity measurements. We foun
that we can grow better-shaped crystals by choosing low
reaction temperatures. Furthermore, we also discovered th
adding extra AQN@ promotes the growth, because AghO
which melts at 212 °C, apparently plays a role of self-flux.
Figure 2b) shows the crystals grown with twice the amount

of AgNO; and with a reaction at 380 °C. Using this process,
we obtained crystals in the shape of hexagonal sticks, whicf!

are shown in Figs. @) and 2d). The long axis of the sticks
are along the axis. The largest size of crystals was approxi-
mately 1 mm in length and 0.5 mm in thickness.

For characterization of the obtained crystals, we use
powder x-ray diffractometry with Cul¢ radiation, which

FIG. 2. Photos of single crystals of ABb,Og taken with optical
microscopes. The long axis of these crystals are along &xés. (a)

@onfirmed that these crystals were single-phasegPB®Ds.

esistivity was measured using a standard four-probe

ethod with dc or ac current. Specific heat was measured
with a commercial calorimetefQuantum Design, model
PPMS, and dc susceptibility by a SQUID magnetometer
(Quantum Design, model MPMSThe ac susceptibility was
easured by a mutual inductance method down to 38 mK
using a“*He-*He dilution refrigerator(Cryoconcept, model
DR-JT-S-100-19

We note here about the lowest temperature of the resistiv-

(J}y measurement. We used an ultrasonic soldering method to

attach the leads to the crystals, because several conductive
pastes(e.g., silver pastewe used all damaged the sample
seriously. On the other hand, the solder we ugeerasolzer
#123, Senju Metal Industpjpecomes superconducting below

3 K, which makes it impossible for us to measure the sample
resistivity accurately below 3 K. We should also note that the
accuracy of in-plane resistivity is less reliable than that of the
out-of-plane resistivity. This is because we could not shape
up the samples before attaching leads to the crystal. Thus the
electric current did not flow uniformly and we could not
determinep by the simple relation ap=R(S/I), whereS is

the cross section arlds the lead spacing. The results mf,
shown in Fig. 3 is an estimation assuming uniform current
flow. Nevertheless, the relative variation @in temperature
should be reliable.

Single crystals in a crucible which are obtained with basic reaction

parameters described in the tet) Single crystals at the bottom of
a crucible when we mixed AgNQand PKNO,), with a ratio of
Ag:Pb=5:1 andalso chose a lower reaction temperat(880 ° C).
The crystals grew dispersed from each other and the shapes beca
better with the aid of self-flux AgN@ In this case AgNQ@ little
remained since most of unreacted AgiNikad been evaporated or
resolved into Ag metalc) A group of single crystals removed from
the crucible in photab). We obtained a lot of crystals with a per-
fectly hexagonal-stick shape by adding self-flux AgiNQ@I) A cross
section of a typical single crystahot the largest This hexagonal
plane is in theab plane of AgPh,Og.

Ill. RESULTS

Figure 3 shows the resistivity along theaxis (p;) and in
m‘g ab plane (p,p). Anisotropy of resistivity at 280 K is
rather small and approximately 2, which is consistent with
the results of the band calculation by Brenratnal1° The
residual resistivity forp, and p,, are 9.7uf) cm and
1.5 Q) cm, respectively; this means residual resistivity ra-
tios (RRR) are 35 forp, and 93 forpgy,, which show that the
quality of the samples was quite good. If we assume its tem-
perature dependence adl) =p,+A’TP, we obtained the ex-
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FIG. 4. Specific heat of AgPh,0g down to 0.35 K. These fig- T(mK)

ures contain the results of several different samples. I1GetT
plotted againsfr? below 3.3 K. Solid line is the fittingCp(T)/T
= Yo+ BpT? With 7,=3.42 mJ/K mol and 8,=3.91 mJ/K mol.

FIG. 5. The ac magnetic susceptibility below 0.1 K, measured
with an ac magnetic field of amplitude 23.072 Oe and frequency
887 Hz. A very large diamagnetic phase transition signal was found
below 45 mK, which suggests the existence of a superconducting
ponent agp=2.13 forp, andp=2.11 for p,y, from the fitting (SO phase. Inset: Phase diagram of sRE,0 below 50 mK.
in the all temperature rangé& For both directionsp is close  Closed squares aréH:” determined from the peaks of imaginary
to 2; thus if we approximate gs(T)=py+AT?, we obtained part . The dashed line shows the classical parabolic law of su-
the coefficient of T? term A,=3.78x103u) cm/K? for  perconductivity:H(T)=Hcd[ 1~ (T/T0)?].
pe(T) and A,p=1.6X 1073, cm/K?2 for p,(T).

The measured specific heat is shown in Fig. 4. Sincejoes not contain any magnetic ions which may cause a dia-
AgsPh,0g does not contain any magnetic ions, we expressnagnetic transition. Thus this signal strongly implies the ex-
Cp in a 1-mol formula unit, in other words, of 1-mol con- jstence of a bulk superconducting phase of;RigOs. The
duction electrons. In the high temperature regiGg,con-  inset of Fig. 5 is the phase diagram of this new phase.
verges to a constant value, which agrees with the Dulong:H (T)” was determined from the peaks of imaginary part
Petit classical phonon specific heatCy=3kg!NA )" by sweeping the magnetic field at each fixed tempera-
=324 J/K moli® wherer =13 is the number of atoms in one tyre. We note that values df in the inset of Fig. 5 are
formula unit. We also measured the specific heat in magnetighifted because exact zero point of our magnet changed by a
fieldS, but there was no difference between the data in O Tew Oe due to the residual magnetic field. Thus we S\Nept
and in 7 T. The inset is th€p/ T-vs-T? plot below 3.3 K. We  magnetic field from +10 Oe to —10 Oe and determined the
obtained the electronic specific heat coefficient  exact zero point from the symmetry of the, data. ‘H,” is
=3.42 mJ/Kmol and the Debye temperatu®p=186 K ell fitted by a parabolic law for superconductdty(T)
from this plot. =H.J1-(T/T.)?] whereH,=3.0 Oe andT,,=48 mK ob-

_ AgsPb,Og  displays weak constant diamagnetism tained by fitting. This variation also supports the evidence of
in 10 K<T<350K, (-2.07£0.02x10°* emu/mol, from  g,perconductivity.

the dc susceptibility measurement. Below 10 & in-
creases probably owing to paramagnetic impurities. To sub-
tract the diamagnetic contribution from the ion cores, we
used the values of the susceptibility of cores in the Now we discuss the origin of th€ dependence of resis-
literature?® we estimated the total contribution from the tivity. One possibility is e-e interaction. The resistivity of
cores as —2.4410* emu/mol. When we subtracted this materials in which a strong e-e correlation exists shds
value from the experimental value, we obtaire®.7+0.2 dependence only at a temperature much lower than room
X 10°° emu/mol. This is the Pauli susceptibility of conduc- temperature, because the characteristic temperature of many-
tion electrons because there are no magnetic ions ibody Fermi liquid formation is low and also tfi&-behavior
AgsPb,0g. requires the dominance of the e-e scattering over the e-ph
In the ac susceptibility measurement, we found a veryscattering. If thep=T? law up to room temperatureof
large signal around 45 mK as shown in Fig. 5. The signalAgsPh,Og comes from the e-e correlation, the e-e correlation
was reproducible in different samples, in different susceptiimust be so large as to dominate over the e-ph scattering even
bility cells and in different ac magnetic field amplitudes andat room temperature. But it seems impossible to expect a
frequencies. We also measured ac susceptibility of a bulktrong e-e interaction from the discussions below. First, the
pure Al with approximately the same volume as the mea<€lectronic specific heat coefficient of A0 is compa-
sured AgPb,Og using the same cell, and found that rable to those of nhormal metals and 1-3 orders of magnitude
AgsPb,Og yields as large a diamagnetic signal as that of thesmaller than those of strongly-correlated electron systems.
superconducting transition of Al. Moreover, this transition Moreover, neither the Wilson ratio nor the Kadowaki-Woods
disappears under a few Oe magnetic field, andPhgOs  (K-W) ratio shows evidence of strong e-e correlations. The

IV. DISCUSSION
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Wilson ratio, which is given by(m?k3/3u3)(xpauil ve), i ~ Which the optic phonon mode with a wave number of
expected to increase from unity to 2 as the e-e interactio520 cni? (890 K in energy plays important roles, is indeed
increases from 0 too.2! In AgsPh,Os, the Wilson ratio  not at all saturated even at 300 K.

is 0.79, close to unity, implying that the e-e interaction If we assume that the novel phase below 48 mK is a
is weak. Of course we should note that the valueygf,;  phonon-mediated superconducting phase, we can estimate
may not be very accurate because the subtracted core cotire e-ph coupling constant from McMillan’s relation?’

tribution is much larger thagp,, The K-W ratio is defined o 1.041 +\
as Aly2 and becomes a universal valu@,=1.0 T.= —Dexp{— # : 3
X 107° uQ cm(K mol/mJ? in most strongly-correlated 145 A-p(1+0.62)

22 i i . %
systems:?2The K-W ratio of AgPb,0g is 32.3 for pcand  \yhen we assumed the psudopotentialds0.1 and used
approximately 14, for pay, both are much larger thag. @ =186 K, we obtained.=0.288, which is comparable to
These deviation imply that Afb,Og cannot be classified 0se of W (A\=0.28T.=12 mK) or Be (A\=0.23T
into strongly-correlated electron systems and thatTthee- =26 mK).27 Such a smailbf may be another evidence t’h?at a

pendence op is _not du_e _to _the e-e mteractlon: . strong e-ph interaction does not exist in gRip,Og.

An_ot_her possible origin is th? e-ph scattering. Basically, The unusuap T2 behavior up to room temperature thus
resistivity governed b_y the e-ph interactionTiinear above can be attributed to neither an e-e interaction nor an e-ph
©p/5 (~20—100 K, in most metas But there are some interaction including the optic phonons. We note here that a
materials of which resistivity shows nonlineardependence one-dimensional chain organic compound TTE-TCNQ ex-
at a relatively high temperature because of the e-ph scattefy ., ) 7233 dependence of resistivity in 60T <300
ing by high energy optic phonons. For example, MgBows K,?® attributable to the librational phonon mode in the

2 ior i 4,5 ibi
P ::-I; gfga:”gi 'PeTFn<t;§ rZeA:stF,'t a}gdlzRoi%z(g!zbcl)ti ?Sn chain?® This scenario is not applicable to A®p,0Og because
unusual curvature | IStvIty 1 - ' of the rigidness of the lattice against twisting motion of the

YXQSGQ n?gtae%;ggitqsglggﬁagﬁﬂepnpﬁﬁggﬁ tgfarsi,sljiglgliﬁelgptztiflver chain. Nevertheless, a unique phonon mode may exist
L 1 1 H 1 2
phonons as Einstein-like?324In this method, the Boltzmann S0 in AgPb,0s which gives rise to thel dependence.

equation i tarti it Thus a detailed investigation into the phonon modes in
quation Is a starting point: AgsPb,Og and into their strength of coupling with conduc-
(4m)%KsT x )2 tion electrons may elucidate ti&@ dependence.
p(T)=po+ 7[ ( ) , (D

p

“max
= 02F(w)
0 w

sinh x V. CONCLUSION

wherex=fio/2kgT, o’F(«) is the Eliashberg function, and  |n conclusion, we synthesized single crystals ofRigO,
wp is the plasma frequency of conduction electrons. We asand measured their resistivity, specific heat and magnetic
sume that we can separate the Eliashberg function into theusceptibility. The resistivity exhibits unusued dependence
Debye term and the Einstein term: up to room temperature both along thexis and in theab
w |4 N plane. This behavior cannot be explained by an e-e interac-
?F(w) = 2)\D<—> 0(Qp - w) + E Ea‘(w—QE), (2) tion. It seems also impossible to explain fiedependence
Qp 2 from the e-ph scattering by optic phonons. Thus there should
be other scattering mechanisms in¢Rf§,0s. Moreover, a
phase transition with a large diamagnetic signal was found
elow 48 mK and below 3 Oe. This new phase seems to be a
ulk superconducting phase in &4%0s.

where Q) and Q¢ are the Debye frequency and the fre-
quency of Einstein phonons, respectively, apdand\g are
the e-ph coupling constant of Debye phonons and of Einsteig
phonons, respectively. Now we can substitute this Eliashber
function into Eq.(1), and fit it with the experimental data.
When we usetgQp/ i, ksQe/fi, \p/ ) and\g/  as fitting
parameters, we obtainedg/%2=290 K and kgQg/% We would like to thank Prof. Y. Yamada at Niigata Uni-
=1200 K from the fitting withp, data, andkg{)p/2=280 K  versity, K. Deguchi and K. Kitagawa at Kyoto University for
andkgQe/n=1100 K fromp,,. The results of the fittings are their great help for measurements and their useful discus-
shown in Fig. 3 with dashed lines. But the existence of suctsions. We also acknowledge Prof. K. Tanaka and Y. Okuda at
a high frequency Einstein-like phonon is doubtful. This isKyoto University for the Raman spectroscopy and S.
because specific heat shown in Fig. 4 converges to thEujimoto at Kyoto University for his helpful suggestions.
Dulong-Petit value around 350 K, implying that all phonon This work is supported by a Grant-in-Aid for the 21st Cen-
modes are “freely” excited at this temperature and thus therury COE “Center for Diversity and Universality in Physics”
seems to be no more phonon mode with energy much largérom MEXT of Japan. It is also in part supported by addi-
than 350 K2° For comparison, the specific heat of MgBn  tional Grants-in-Aid from JSPS and MEXT.
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