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Seebeck coefficient of Na,Co0O,: Measurements and a narrow-band model
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We have performed Seebeck coefficient (S) measurement for a series of high-quality Na,CoO, single
crystals for 0.23=x=0.84 from 10 to 300 K. The room-temperature S values were found to be around
30-100 wV/K and increase with increasing Na content. The temperature dependence of Seebeck coefficient
of this system was found to be very sensitive for x=1/2, which is most likely due to the significant modifi-
cations of band structure as a result of the magnetic and charge orderings below 88 and 51 K. The overall
observed features of the S(7) were analyzed in the framework of a narrow-band model. The physical param-
eters obtained from the fitting provide a satisfactory description of the composition and temperature depen-

dences of Seebeck coefficient in the Na,CoO, system.
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I. INTRODUCTION

The sodium cobalt oxide Na,CoO, system, because of its
peculiar properties of large thermoelectric power coexisting
with low electrical resistivity, has attracted much attention
in recent years.'” In particular, the discovery of super-
conductivity in the water-intercalated Na,CoO, (e.g.,
Na,Co0,:yH,0, where x=~0.33 and y~1.3) compound is a
breakthrough in the search for new layered transition-metal
oxides superconductors.*> A lot of studies have been focused
on the hydrate superconductor to clarify the mechanism of
the superconductivity and to understand the underlying elec-
tronic states realized in the triangular lattice.*8 Likewise, a
characteristic of unhydrated Na,CoO, is the sensitivity of
electronic states to change slightly in x.>!° In fact, a charge
ordering state with an anomalous change in electrical, ther-
mal, and magnetic properties occurs in the sample
Na 50Co0, with average Co valence of +3.5.%!112 Recent
studies have given evidence of strong electron-electron cor-
relation in Na,CoO, (Refs. 13-16) and demonstrated that the
physical properties of unhydrated Na,CoO, compounds are
very sensitive to doping.

Indeed, a rich phase diagram has been revealed for
Na,CoO, as a function of x.” A spin ordered phase is found
for x>3/4. With decreasing Na contents, the material be-
comes a “Curie-Weiss metal” for x near 2/3, then a charge-
ordered insulator with x~1/2, and finally a paramagnetic
metal with x~1/3. It shows a low metallic resistivity of
200 Q) cm accompanied by a large Seebeck coefficient of
about 100 wV/K at room temperature, which is about 1 or-
der of magnitude larger than that of typical metals.! Ko-
shibae et al.'>'® proposed a theory for the large Seebeck
coefficient based on the generalized Heikes formula in
strongly correlated electron systems. The Seebeck coefficient
of Na,CoO, compounds is enhanced due to their large spin
entropy, and the large absolute value of the Seebeck coeffi-
cient can be realized as the existence of an unbalance of the
spin and orbital degrees of freedom between Co** and Co**
sites. However, the generalized Heikes formula was pro-
posed for the calculation of Seebeck coefficient in a system
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of interacting localized carriers with hopping conduction in
the high-temperature limit.!”

It appears that some experimental results support the spin
entropy theory. In particular, Wang et al.'® found a suppres-
sion of the Seebeck coefficient in a longitudinal magnetic
field at low temperature and argued that the spin entropy is
the likely source for the observed large Seebeck coefficient
in Na,CoO,. On the other hand, within the standard Boltz-
mann transport theory, Singh!® calculated the Seebeck coef-
ficient of NajsCoO, using the local-density approximation.
The author argued that the Boltzmann theory may reproduce
the magnitude of the Seebeck coefficient. Further, using the
t-J model, Haerter et al.'® suggested that the field suppres-
sion of the Seebeck coefficient may arise from strong elec-
tron correlations, although they also pointed out that their
results agree with the interpretation in terms of spin entropy
as the main contribution to the field suppression. Even
though these models could quantitatively describe the high-
temperature features of Seebeck coefficient, understanding of
the complexity of its temperature and composition depen-
dences is not available so far. On the other hand, the Seebeck
coefficient of Na,CoQO, is highly sensitive to the Na content,
indicating that the charge carriers in the CoO, planes may be
from a very narrow band.?*?!

One of the established consensus on the Na,CoO, is that
the two bands, an a,, and one of the e, bands, from Co 1,,
manifold cross the Fermi level (Ey).'%?? They form a large
hole Fermi surface (FS) centered at around zone center (by
ay,) and six small Fermi pockets near the zone boundary (by
e,). Angle-resolved photoemission spectroscopy (ARPES)
measurements reveal a doping-dependent evolution of the
holelike FS, which shows no sign of the e; hole pockets for
0.3=x=0.72.23-2° The observed FS is centered on the zone-
center point and has mostly a;, character. In fact, it has been
pointed out in these studies that the extremely narrow quasi-
particle bands are essential in the evolution of such a hole-
like FS. Therefore, the narrowness of the bands must indeed
be a factor, in addition to the strong electron correlations and
large spin entropy, involved in the complexity of Na,CoO,
system.
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All these results motivate us to perform a thorough inves-
tigation of the transport properties of Na,CoO, with a wide
range of Na content to address some of these issues. In par-
ticular, the Seebeck coefficient is a sensitive probe of the
degree of itinerary of the carriers, and a coherent interpreta-
tion of the thermoelectric response is highly desirable. In this
study we have investigated the temperature dependence of
Seebeck coefficient (S) of Na,CoO, single crystals with x
~0.23, 0.34, 0.50, 0.55, 0.70, 0.76, and 0.84. The observed
features of the S(7T) were analyzed in the framework of a
narrow-band model, which gives a satisfactory description to
the observed data. The obtained bandwidth of narrow bands
and asymmetry involved in the data analyses provide a rea-
sonable explanation to the large and anomalous temperature
variation in the Seebeck coefficient of the Na,CoO, system,
and our results represent an alternative view in understand-
ing the thermoelectric properties of these materials.

II. EXPERIMENT

Single crystals of Na,CoO2 ranging from x=0.23 =0.02
to x=0.84*+0.01 used in this study are prepared using
floating-zone method with grown Na, g4CoO, crystal, and the
Na content x is tuned with additional electrochemical Na
deintercalation as described in Ref. 27, with error bars of
*0.02 for x<0.5 and =0.01 for x=0.5, as verified by elec-
tron microprobe analysis (EPMA). The chosen Na content
levels correspond to stable Na ordered phases, as verified by
the electrochemical properties and Laue diffraction.?” See-
beck coefficient measurements were carried out in the helium
closed-cycle refrigerator using a heat-pulse technique. A de-
tailed description of the experimental technique can be found
elsewhere.?®

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the temperature variation in the
Seebeck coefficient, S(T), for the Na,CoO, single crystals
with x~0.23, 0.34, 0.50, 0.55, 0.70, 0.76, and 0.84. The
room-temperature S(Ssy, k) values for studied samples were
found to be around 30-100 wV/K and increase with in-
creasing x. Such a typical range of S is also reported by
others on single crystal' and bulk?® samples. A diffusionlike
behavior at low temperatures with positive Seebeck coeffi-
cients was observed in the sample with concentration x
=0.23. Note that there is a sign change in the 7-dependent
Seebeck coefficient of Na,CoO, system between x=0.34 and
0.55. The Seebeck coefficient of these samples start with
negative in low-temperature regime and then crosses over
zero at higher temperatures. Such a sign reversal indicates
that there may be a substantial change in the band structure
or the conduction mechanism of the dominant carriers at
these Na concentrations. For x=0.50, the Seebeck coefficient
shows somewhat complex temperature dependence. Peculiar-
ity of this sample is the appearance of distinct peaks around
50 K in the negative quadrant and S becomes positive at
around 85 K presumably due to the charge and antiferromag-
netic (AF) spin ordering, respectively.”!""!> The deviation of
S from linear behavior at 7=85 K provides evidence of mi-
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FIG. 1. (Color online) Thermopower as a function of tempera-
ture for Na,CoO, with x=0.23, 0.34 (upper panel), and 0.50 (lower
panel). Two transitions are observed in the x=0.50 sample as indi-
cated by the arrows. The inset shows a close-up plot near 7.

croscopic mechanism, i.e., the onset of a long-range ordered
nature of the Na superstructure.

Phonon drag can also contribute a hump to S(7) when the
temperature is low enough that phonon-phonon interactions
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FIG. 2. (Color online) Thermopower as a function of tempera-
ture for Na,CoO, with x=0.55, 0.70 (upper panel), and 0.76, 0.84
(lower panel).
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are negligible but high enough for the density of phonon
state being important. A likely explanation of the origin of
low-temperature peak presented here in NajysCoO, origi-
nated from the charge ordering and not by phonon drag,
which we will discuss shortly. For higher x (=0.70), S in-
creases monotonically with increasing temperature and
reaches above 65 uV/K at room temperature. As far as the
x>0.55 samples are concerned, their S3py k (>65 wV/K)
values are good enough for the materials to be considered as
a thermoelectric material' with further scope of optimiza-
tion. It should be noted that the magnitude of S5y, i is some-
what smaller compared to that reported by Lee and
co-workers'? for high sodium samples (x=0.70). Several
factors may cause such a difference in the magnitude of S.
First, they used as-grown single crystal of Naj;5CoO, and
then added Na content through high-temperature (100 °C)
chemical intercalation,!? which is expected to show different
Na ordering (and thus spin entropy) compared with present
electrochemical deintercalation route performed at room
temperature. Second, our samples were prepared electro-
chemically with prolonged equilibrated applied potential,
which guarantees perfect Na ordering. Since spin entropy is
thought to be the main source for the high value of S5y .
the relatively ordered phases in the present set of samples
may have a reduced contribution from the spin entropy.

At x=0.5, the Na ions are chemically ordered to form
zigzag chains in an orthorhombic superstructure with two-
fold symmetry,>' and the ground state is believed to be a
magnetically ordered state, leading to Co*33+%/Co*33-9
charge order within each CoO, layer.”!"!2 For example, Gas-
parovic et al.'' performed neutron scattering, susceptibility,
and transport study measurements to investigate the elec-
tronic ground state of the half-doped CoO, plane. The key
observations are as follows. First, the electrical resistivity (p)
in this sample increases gradually as T falls toward 7T
(=88 K) and T, (=51 K), where it exhibits anomalies.
However, below T,, p rises rapidly and reaches its maxi-
mum. Second, a negative magnetoresistance is observed be-
low ~51 K in the direction of the ab plane, while it is
positive below 88 K in the direction of the ¢ plane. In fact,
the anisotropy in the magnetoresistance coincides with the
anomalies observed in magnetic susceptibility in
Nag 50C00,. All these results clearly demonstrate that the
sharp peak and complex behavior of Seebeck coefficient of
Nag 50Co0O, below 88 K is most likely due to the onset of
charge and magnetic orderings. The separation of Co spin
states into Co™*% and Co*3~° would allow an increase in
the magnetic stabilization via local-moment formation on the
Co** sites, and the cost in kinetic energy of charge carriers
would lead to a large value of S as the bands are quite nar-
TOW.

Now, we will discuss an alternative possibility in the ex-
planation of our findings through the effect of some special
band structure in the Na,CoO, system. The observed features
needed to be considered here, including sign anisotropy, tem-
perature dependence of S, and the magnitude increase with
increasing x in S3g g, are all quite consistent with previous
results for Na,CoO,.?* However, the high quality of the
Na,CoO, single crystals and the wide range of the Na con-
tent are chosen to have specific Na superstructure
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TABLE 1. Parameters (described in text) obtained from the fit-
ting of experimental data using Eq. (2).

Wp
Samples F (meV) c(Wy/Wp)
Nag23C00, 0.56 16 0.78
Nag 34C00, 0.58 18 0.70
Nag 54C00, 0.60 50 0.68
Nag 55C00, 0.64 69 0.64
Nag 10C00, 0.66 140 0.60
Nag 76C00, 0.72 147 0.58
Nag 54C00, 0.74 165 0.56

orderings,? which allows us to look into the details of the
observed behaviors. Let us now elaborate the electronic
structure studies on Na,CoO, system and deduce its possible
implication on transport properties of Na,CoO, in the frame-
work of narrow-band model, which has been successfully
applied to high-temperature superconductors, another system
of narrow bandwidth.3?-3* Several studies on band-structure
calculations revealed that there is a clean gap between the
manifolds for Na,CoO, system, which, in turn, is due to the
narrow bandwidths (~1 eV).!%?? Furthermore, low average
Fermi velocity and a very high value of the density of states
(DOS) at E, are also considered to be the consequence of the
narrow bandwidth in the present system.?> However, ARPES
studies show that the bandwidths are about few tens of
meV.>32 The reduction in bandwidth is explained in terms
of a strong mass renormalization due to the strong correla-
tion in these materials. Therefore, the present compounds
(Na,Co0,) provide a unique example of a narrow bandwidth
system, and later we will show that such a narrow bandwidth
might be one of the important factors responsible for the
observed large and anomalous nature of S(7).

To begin with, we have analyzed our data using narrow-
band model with a few phenomenological parameters such
as the bandwidth (W), width of the conduction window
(W,), and the degree of band filling (F). Here, the narrow
band could be either a single band in the DOS or a narrow
peak on a broad background.'® The parameters calculated
(see Table I) using this model are in agreement with the fact
that the magnitude of bandwidth is determined by the inter-
calation of Na atoms in CoO, layers, i.e., band filling, and
hence it is strongly affected by the overlapping of the O p
bands and Co 1,, bands.*® If the Fermi level is located inside
this narrow band, within which the density-of-states values
are much larger than the ones outside this band, then this
portion of the band will play a dominant role in the transport
properties of this compound. On applying the narrow-band
limitation, W <<kT, the Seebeck coefficient can be express
2532

k F E -
s=—31n<—) ~ =K (1)
e 1-F eT

Here, w is the chemical potential. To highlight the influence
of the bandwidth, Martynova and Gasumyants*2* performed
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FIG. 3. (Color online) Seebeck coefficient as a function of tem-
perature for Nag ,3C00,, Naj 34C00,, Naj 55C00,, and Naj g4Co0,
samples along with theoretical fit using Eq. (2). For Nag 55C00,, a
small asymmetry factor (b=0.03Wp) is added to the band near Ep
in Eq. (2), as described in text.

the calculations of the transport integrals and neglected the
higher-power terms in the distribution function expanded as
a Taylor series. Under this approximation, S(T) for W= kT
is given as

kg W

=— —2—| ¢* + cosh(W"
e | sinh(W)) (Wo)
cosh(u*) + cosh(W") e + Vo .
- In ¥ P Ry (> (2)
W, et +e o

where  w*=pu/kgT=In{sinh[FW,]/sinh[(1-F)W,]}, W,
=W,/ 2kgT, and Wy,=Wp/2ksT.

We have used the above equation to deduce the Seebeck
coefficient profile as a function of temperature, and four rep-
resentative examples of the fits of Eq. (2) to the Seebeck
coefficient data for Na,CoO, system are shown in Fig. 3. It is
evident from Fig. 3 and Table I that the peculiar behavior of
S(T) in Na,CoO, could be satisfactorily described in terms of
the narrow bandwidth of the expected bands as follows.
First, we suppose the band to be symmetric and the energy to
be evaluated from the midpoint of the band. It seems that the
consideration of symmetric bands alone is sufficient to ex-
plain the observed temperature dependence of S(T) for lower
(=0.34) and higher (=0.70) Na concentrations (see Fig. 3).
However, it does not hold completely for intermediate Na
concentrations in the Na,CoO, system. Second, we therefore
consider the influence of a slight band asymmetry to the
temperature dependence of S(7). Actually, the observed
renormalization anisotropy in Fermi velocity along the prin-
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cipal axes confirms the existence of asymmetry involved in
the bands.? Furthermore, it has been revealed that the pecu-
liar shape of the band, such as the a, < band of the cobaltates,
which consists of a dispersive portion and a somewhat flat
portion, plays an important role not only for the large See-
beck coefficient and low resistivity but also for the supercon-
ductivity and the magnetism in the Na,CoO, system.>” More-
over, the temperature dependence of the Seebeck coefficient
of this system was found to be very sensitive for sodium
content near 0.5, which is most likely due to the significant
modifications of band structure as a result of the existence of
magnetic and charge ordering transitions.>!""!> Therefore, the
peculiar shape or anisotropy in the bands could play an im-
portant role near half doped. Thus here we have taken the
asymmetry into account by introducing some distance (bWp)
away from the symmetric band in the approximating DOS.
In such a case, Eq. (2) remains valid except the parameter w*
which is displaced by an amount of 2bWp/kpT. 1t is found
that if a small asymmetry factor (b=0.03W),) is added to the
band near Ey in Eq. (2), as described in the literature,3>3 a
dramatic effect would occur in a nearly half-filled band. Such
an effect enables us to explain the peculiarities, particularly
the low-temperature hump, of the observed S(T) for the
samples near x=0.05. In Fig. 3, we clearly demonstrate that
the small asymmetry involved in the bands may retrace the
experimental data for x=0.55. It should be noted here that
the x=0.5 sample exhibits an anomalous sharp peak at low
temperatures that could not be reproduced quantitatively
with the presently used model. However, the set of fitting
parameters for this sample is able to give qualitative under-
standing of S(7) and a good fit above 100 K (not shown
here). Therefore, the observed peculiar behavior of S(T) near
x=0.50 is most likely due to the combination of band asym-
metry and bandwidth broadening with increasing Na content.

In order to further capture the essential feature of the S(7)
in the Na,CoO, system, we are in the position to rationalize
the deduced parameters listed in Table I. It is found that the
width of the narrow band, Wp, increases from 16 meV for
the x=0.23 to 150 meV for x=0.84. It is noted that the de-
duced value of bandwidth for low concentration is very close
to the Fermi temperature.’® The band filling factor F is also
found to increase with increasing Na content. These are ac-
companied by a simultaneous reduction in the values of the
parameters ¢=(W,/Wp), characterizing the degree of delo-
calization of states in the conduction band of Na,CoO,. In
fact, an increase in the Na concentration increases the sub-
stitutional disorder, and consequently, causes a broadening of
the band (W),) due to localization effects. On the other hand,
a relative reduction in the energy interval occupied by the
delocalized states is expected due to an increase in the Na
content. The increase in F suggested that the reduction in
effective charge-carrier density, which is equal to the ratio of
the total number of electrons to the number of states avail-
able in the band, results in the enhancement of the room-
temperature value of the Seebeck coefficients (S3y, x) with
increasing x or Na content.

It is worth mentioning that the Wang et al.'> found a sup-
pression of the Seebeck coefficient in a longitudinal mag-
netic field at low temperature and argued that the spin en-
tropy dominates the enhancement of the Seebeck coefficient
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in Na,CoO,. Another possibility is that, other than the a,
bands which are the main source for FS evolution, the e
bands could also contribute to enhance the Seebeck coeffi-
cient if these bands approach Ey and cross it due to broad-
ening of bandwidth with higher Na content. Such a possibil-
ity has been pointed out to produce a very large power factor,
which might be the combined effect of both a,, and egf pud-
ding mold bands.3” However, a broad peak, which forms the
eé bands, approaches but never reaches Ep near the
Brillouin-zone boundary for the range of 0.3=x=0.72.23
There is presumably a delicate balance between narrow
bandwidth and electronic spin entropy that causes an en-
hanced Seebeck coefficient which depends sensitively on
doping. Furthermore, we note that this Na content depen-
dence of the bandwidth is in agreement with the doping-
dependent shift of the valence bands observed in ARPES
studies.?® For the Co 3d orbitals, the average energy differ-
ence between x=0.48 and 0.72 is about 0.1 eV. However, for
the O 2p orbitals, the energy shifts are larger (~0.5 eV)
between these two doping levels. A similar conclusion was
reached on the basis of the nature of a detectable shift in
Raman-active modes with Na content, which is closely cor-
related with the ordering of Na ions in the Na,CoO,
system.3®

Further, it is noted that, for high Na content samples, the
reduction in the area of holelike FS centered on zone center
has also been observed, which is in accordance with the Lut-
tinger theorem.?? It might be possible that some electron car-
riers become localized at higher Na doing levels due to in-
crease in either W, or F, resulting in a reduction in the
number of itinerant electrons that contribute to the area of
the FS. It is also noteworthy that the reduction in charge-
carrier density with x is consistent with previous report in the
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Na,CoO, system.” The compounds with higher Na content
have apparently higher electrical resistivity p(T) due to the
reduced charge-carrier concentration. Since bandwidth and
carrier concentration can be controlled to a large degree in
this class of materials, our results could provide a guideline
for tuning the figure of merit and realize the potential of
applications in this class of system. Finally, a step up in S(7)
around 7-=250 K for x=0.55 was observed which is pre-
sumably associated with the Na ordering transition. How-
ever, this issue is beyond the scope of this study and will be
presented in a separate paper.

IV. CONCLUSIONS

In conclusion, we have reported a detailed investigation
of the Seebeck coefficient of Na,CoO, single crystals of
0.23=x=0.84 with highly ordered Na superstructures. The
temperature dependence of the Seebeck coefficient of this
system was found to be anomalous, particularly, near the half
doped, which is most likely due to the onset of charge order-
ing or the long-range nature of the Na superstructure in this
composition range. The observed features of the S(7) were
analyzed in the framework of a narrow-band model, which
provides a satisfactory description to the observed data. Our
present work thus provides an alternative interpretation in
understanding the anomalous thermoelectric properties of the
Na,CoO, system.

ACKNOWLEDGMENTS

The authors would like to thank the National Science
Council of Taiwan for financially supporting this research
under Contracts No. NSC-96-2112-M-259-003 (Y.K.K.) and
No. NSC-95-2112-M-002 (F.C.C.).

*Corresponding author. ykkuo @mail.ndhu.edu.tw

1. Terasaki, Y. Sasago, and K. Uchinokura, Phys. Rev. B 56,
R12685 (1997).

2Y. Ando, N. Miyamoto, K. Segawa, T. Kawata, and 1. Terasaki,
Phys. Rev. B 60, 10580 (1999).

3T. Kawata, Y. Iguchi, T. Itoh, K. Takahata, and I. Terasaki, Phys.
Rev. B 60, 10584 (1999).

4K. Takada, H. Sakurai, E. Takayama-Muromachi, F. Izumi, R. A.
Dilanian, and T. Sasaki, Nature (London) 422, 53 (2003).

SR. E. Schaak, T. Klimczuk, M. L. Foo, and R. J. Cava, Nature
(London) 424, 527 (2003).

6C. H. Wang, X. H. Chen, J. L. Luo, G. T. Liu, X. X. Lu, H. T.
Zhang, G. Y. Wang, X. G. Luo, and N. L. Wang, Phys. Rev. B
71, 224515 (2005).

"Masahito Mochizuki, H. Q. Yuan, and Masao Ogata, J. Phys.
Soc. Jpn. 76, 023702 (2007).

8X-S. Ye, Z.-J. Yao, and J.-X. Li, J. Phys.: Condens. Matter 20,
045227 (2008).

9Maw Lin Foo, Yayu Wang, Satoshi Watauchi, H. W. Zandbergen,
Tao He, R. J. Cava, and N. P. Ong, Phys. Rev. Lett. 92, 247001
(2004).

10M. Lee, L. Viciu, L. Li, Y. Wang, M. L. Foo, S. Watauchi, R. A.

Pascal, Jr.,, R. J. Cava, and N. P. Ong, Nature Mater. 5, 537
(2006).

11 G. Gasparovic, R. A. Ott, J.-H. Cho, F. C. Chou, Y. Chu, J. W.
Lynn, and Y. S. Lee, Phys. Rev. Lett. 96, 046403 (2006).

I2F. L. Ning, S. M. Golin, K. Ahilan, T. Imai, G. J. Shu, and F. C.
Chou, Phys. Rev. Lett. 100, 086405 (2008).

13Y. Y. Wang, N. S. Rogado, R. J. Cava, and N. P. Ong, Nature
(London) 423, 425 (2003).

145 Y. Li, Louis Taillefer, D. G. Hawthorn, M. A. Tanatar, Johnpi-
erre Paglione, M. Sutherland, R. W. Hill, C. H. Wang, and X. H.
Chen, Phys. Rev. Lett. 93, 056401 (2004).

I5W. Koshibae and S. Maekawa, Phys. Rev. Lett. 87, 236603
(2001).

16\, Koshibae, K. Tsutsui, and S. Maekawa, Phys. Rev. B 62,
6869 (2000).

I7P. M. Chaikin and G. Beni, Phys. Rev. B 13, 647 (1976).

18D. J. Singh, Phys. Rev. B 61, 13397 (2000).

19J. 0. Haerter, M. R. Peterson, and B. S. Shastry, Phys. Rev. Lett.
97, 226402 (2006).

20Subroto Mukerjee and Joel E. Moore, Appl. Phys. Lett. 90,
112107 (2007).

2I'T. Motohashi, E. Naujalis, R. Ueda, K. Isawa, M. Karppinen, and

075105-5



KAURAV et al.

H. Yamauchi, Appl. Phys. Lett. 79, 1480 (2001).

22D. J. Singh and D. Kasinathan, J. Electron. Mater. 36, 736
(2007).

2H.-B. Yang, Z.-H. Pan, A. K. P. Sekharan, T. Sato, S. Souma, T.
Takahashi, R. Jin, B. C. Sales, D. Mandrus, A. V. Fedorov, Z.
Wang, and H. Ding, Phys. Rev. Lett. 95, 146401 (2005).

24]. Geck, S. V. Borisenko, H. Berger, J. Fink, R. Follath, M.
Knupfer, A. Koitzsch, A. A. Kordyuk, V. B. Zabolotnyy, and B.
Buchner, Phys. Rev. Lett. 99, 046403 (2007).

H.-B. Yang, S.-C. Wang, A. K. P. Sekharan, H. Matsui, S.
Souma, T. Sato, T. Takahashi, T. Takeuchi, J. C. Campuzano, R.
Jin, B. C. Sales, D. Mandrus, Z. Wang, and H. Ding, Phys. Rev.
Lett. 92, 246403 (2004).

26M. Z. Hasan, Y.-D. Chuang, D. Qian, Y. W. Li, Y. Kong, A. P.
Kuprin, A. V. Fedorov, R. Kimmerling, E. Rotenberg, K. Ross-
nagel, Z. Hussain, H. Koh, N. S. Rogado, M. L. Foo, and R. J.
Cava, Phys. Rev. Lett. 92, 246402 (2004).

27G. J. Shu, Andrea Prodi, S. Y. Chu, Y. S. Lee, H. S. Sheu, and F.
C. Chou, Phys. Rev. B 76, 184115 (2007).

2. S. Lue and Y. K. Kuo, Phys. Rev. B 66, 085121 (2002).

29H. Kishan, V. P. S. Awana, M. A. Ansari, Anurag Gupta, R. B.
Saxena, V. Ganesan, A. V. Narlikar, C. A. Cardoso, R. Nirmala,

PHYSICAL REVIEW B 79, 075105 (2009)

Devendra Buddhikot, and S. K. Malik, J. Appl. Phys. 97,
10A904 (2005).

30F. C. Chou, M.-W. Chu, G. J. Shu, F.-T. Huang, Woei Wu Pai, H.
S. Sheu, and Patrick A. Lee, Phys. Rev. Lett. 101, 127404
(2008).

3I'H. W. Zandbergen, M. L. Foo, Q. Xu, V. Kumar, and R. J. Cava,
Phys. Rev. B 70, 024101 (2004).

V. E. Gasumyants, in Advances in Condensed Matter and Mate-
rials Research, edited by F. Gerard (Nova Science, New York,
2001), Vol. 1, p. 135; V. E. Gasumyants, V. I. Kaidanov, and E.
V. Vladimirskaya, Physica C 248, 255 (1995).

30. A. Martynova and V. E. Gasumyants, Phys. Solid State 48,
1223 (2006).

34E. I. Samuel, V. S. Bai, K. M. Sivakumar, and V. Ganesan, Phys.
Rev. B 59, 7178 (1999).

35F. C. Chou, I. H. Cho, P. A. Lee, E. T. Abel, K. Matan, and Y. S.
Lee, Phys. Rev. Lett. 92, 157004 (2004).

36K.-W. Lee and W. E. Pickett, Phys. Rev. B 76, 134510 (2007).

37Kazuhiko Kuroki and Ryotaro Arita, J. Phys. Soc. Jpn. 76,
083707 (2007).

3. F Qu, W. Wang, Y. Chen, G. Li, and X. G. Li, Phys. Rev. B
73, 092518 (2006).

075105-6



