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We propose a weakly coupled two-band model with d,._» pairing symmetry to account for the
anomalous temperature dependence of superfluid density p, in electron-doped cuprate superconductors.
This model gives a unified explanation to the presence of an upward curvature in p, near 7, and a weak
temperature dependence of p, in low temperatures. Our work resolves a discrepancy in the interpretation
of different experimental measurements and suggests that the pairing in electron-doped cuprates has
predominately d,»_,» symmetry in the whole doping range.
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Identification of pairing symmetry has been an impor-
tant issue in the investigation of high-7'. superconductivity.
For hole-doped cuprate superconductors, it is commonly
accepted that the pairing order parameter has d,._ »-wave
symmetry [1]. However, for electron-doped cuprate super-
conductors, no consensus has been reached on the pairing
symmetry. A number of experiments, including the angle
resolved photoemission (ARPES) [2,3], the Raman spec-
troscopy [4], and the phase-sensitive measurements [5,6],
suggested that the electron-doped superconductors also
have d,>_,2-wave symmetry. However, the results revealed
by other experiments are controversial [7—11]. In particu-
lar, the magnetic penetration depth data measured by
Kokales et al. [8] and by Prozorov et al. [9,10] showed
that the low temperature superfluid density of electron-
doped superconductors varies quadratically with tempera-
ture in the whole range of doping, in agreement with the
theoretical prediction for a d-wave superconductor with
impurity scattering. However, the experimental data pub-
lished by Kim er al. [11] suggested that there is a d- to
anisotropic s-wave transition across the optimal doping.
For optimal and overdoped samples, they found that the
low temperature superfluid density exhibits an exponential
temperature dependence, in favor of an anisotropic s-wave
pairing state.

The above discrepancy indicates that low-lying quasi-
particle excitations in electron-doped cuprates behave
quite differently than in hole-doped ones. To resolve the
discrepancy, a thorough understanding of the electronic
structure of electron-doped materials is desired. In this
regard, the doping evolution of the Fermi surface (FS)
revealed by the ARPES of Nd,_,Ce,CuO, (NCCO) [12]
is of great interest. At low doping, a small FS pocket first
appears around (77, 0), in contrast to the hole doping case
where the low-lying states are centered around (77/2, 7/2)
[13]. By further doping, another pocket begins to form
around (7/2, 7/2). The presence of the two separate FS
pockets may result from the band folding effect induced by
the antiferromagnetic correlations [14,15]. It may also be a
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manifestation of the lower and upper Hubbard bands [16].
At the mean-field level, the theoretical calculations indi-
cate that these two FS pockets can be effectively described
as a two-band system [15,16]. This two-band scenario is
consistent with the conjecture made by a number of groups
[17-19] on the existence of two kinds of charge carriers in
electron-doped materials.

The interplay between the above mentioned two-bands
can affect significantly the behavior of superconducting
quasiparticles. A generic feature of a weakly coupled two-
bands system, as first pointed out by Xiang and Wheatley
[20], is the presence of an upward curvature in the tem-
perature dependence of superfluid density p, near T... This
intrinsic upward curvature in the superfluid density has
indeed been observed in electron-doped materials by a
number of experimental groups [11,21-23]. Not only
does it lend further support to the two-band picture, but
also sheds light on the understanding of various controver-
sial experimental observations.

In this Letter, we propose to use a two-band BCS-like
model with d,»_»-wave pairing symmetry to account for
the low energy electromagnetic response of superconduct-
ing quasiparticles in electron-doped materials. This model,
as will be shown later, captures the main features of
quasiparticle excitations in the superconducting state and
gives a unified account for the experimental data. Our
result suggests that the superconducting pairing in
electron-doped materials is governed by the same mecha-
nism as in hole-doped ones, although their phase diagrams
look asymmetric.

The two-band model we study is defined by

H= Zfikc;rkgcika + ZVikk'C;rch;r_k/lci—mcikl
iko ikk!
+ Z(Vyck’Cirk/TCLk/lcz—kTCzkl + H.c.), (D
7y

where i = 1, 2 represents the band around (77, 0) and that
around (7/2, 7/2), respectively. ¢y, and cy, are the
corresponding electron operators. Vi and V,; are the
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reduced pairing potentials for the two bands. V3 is the
interband pair interaction. This model has also been used to
describe superconducting properties of the two-band su-
perconductor MgB, [24]. In MgB,, the interband coupling
is weak since the two relevant bands have different parity
symmetry [25]. In the present case, the interband coupling
is also weak since the strong antiferromagnetic fluctuations
do not couple the first band with the second one in electron-
doped cuprates.

In electron-doped materials, the superconductivity oc-
curs at much higher doping than in hole-doped ones.
However, as shown by the ARPES experiments, the ap-
pearance of the superconducting phase coincides with the
appearance of the second band at the Fermi level. This
reveals a close resemblance between electron- and hole-
doped materials. It suggests that it is the interaction driving
the second band to superconduct that leads the whole
system to superconduct in electron-doped materials, and
that the pairing potential Vs has predominantly d,_
symmetry, resembling the hole-doped case. Vi can in
principle be different to V,;;. However, if pairing in the
first band is originated from the same mechanism as the
second band or induced by the second band by the prox-
imity effect, Vv should most probably have d,._
symmetry.

In the calculations below, we assume that V. (i = 1, 2,
3) can all be factorized: Vi = g1V Ve » Vo = &2V Vi
and Vi = g37YxYw, Where gq, g», and g5 are the corre-
sponding coupling constants, and Yy = Yy = Yi =
cosk, — cosk, is the d,»_.-wave pairing function. Here
we have implicitly assumed that the first band has the same
pairing symmetry as the second one. This assumption can
in fact be relaxed. The qualitative conclusion drawn below
does not depend much on the detailed form of the pairing
function for the first band near (7, 0), provided there are no
gap nodes on the FS of this band.

Taking the BCS mean-field approximation, the interac-
tion between the two bands is decoupled. It is straightfor-
ward to show that the quasiparticle eigenspectrum of the

ith band is given by the following expression E;; =

€4 + A?y?, where A; is the gap amplitude of the ith
band. They are determined by the following coupled gap
equations Ay = 3 yi(g1{ci—ycup) + galca—ncan)) and
Ay = Yuvi(galca—ycan) + g3lei—yciy)), where (- --)
denotes thermal average.

The above expression of E;; indicates that there are gap
nodes in the quasiparticle excitations of the second band.
However, there is a finite excitation gap in the first band
since the nodal lines of y; do not intersect with the FS of
that band if the system is not heavily overdoped. Therefore,
as far as thermal excitations are concerned, the first band
behaves as in a s-wave superconductor, although the pair-
ing is of d,»_» symmetry. This indicates that the super-
conducting state of electron-doped cuprates is actually a
mixture of d-wave and s-wavelike pairing states.

Apparently, the low temperature/energy behavior of qua-
siparticle excitations is governed by the second band since
the first band is thermally activated. This would naturally
explain why the typical d-wave behaviors were observed in
quite many experiments [2—6]. However, the presence of
the first band will change the relative contribution of the
second band to the superfluid as well as other thermody-
namic functions. This will suppress, for example, the
temperature dependence of the normalized superfluid
density and aggrandize the experimental difficulty in iden-
tifying the expected power law behavior for a d-wave
superconductor.

The superfluid density is inversely proportional to the
square of the magnetic penetration depth, i.e., p, « A~2.
Under the BCS mean-field decomposition, the superfluid
density of the system is simply a sum of the contribution
from each band and can be expressed as

ps(T) = ps,l(T) + Ps,z(T), (2)

where p ; is the superfluid density of the ith band. It can be
evaluated with the formula given in Ref. [26]. In low
temperatures, since there is a finite gap in the quasiparticle
excitations of the first band, p, ((T) is expected to be given
by

por(T) ~ p5,1(0)<1 - ae*Ai/kRT) 3)

where A/ is the minimum value of A7y, on the FS of the
first band and a is a constant. There are gap nodes in the
second band, therefore p, should behave similarly as in a
pure d-wave superconductor and show a linear T depen-
dence in low temperatures due to the low energy linear
density of states:

poalT) ~ pua)(1 - f) )

c

Thus, in the limit 7 < T, the normalized total superfluid
density is approximately given by

ps(T) ~1— ps2(0) 1 _ ps,l(o)a

where ,05(0) = ps,l(o) + ps,Z(O)-

For a pure d-wave superconductor, as shown by Eq. (4),
the slope of the linear 7 term in the normalized superfluid
density is proportional to 1/7T,. However, for the coupled
two-band system considered here, this linear slope is nor-
malized by a factor p,(0)/p,(0). The zero temperature
superfluid density p,;(0) is a measure of the diamagnetic
response in the ith band. It is approximately proportional to
the ratio between the charge carrier concentration and the
effective mass in that band, i.e., p,;(0) = n;/m}. It is
difficult to estimate this ratio for each individual band.
However, as the FS pocket of the first band appears imme-
diately after doping and that of the second band appears
only after the long range antiferromagnetic order is com-
pletely suppressed, one would expect p,,(0) to be much

e*A’]/kBT (5)
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smaller than p(0). This means that p,,(0)/p,(0) < 1
and the linear T term in p(T) is greatly suppressed. Thus
the low temperature curve of the normalized superfluid
density looks much flatter than in a pure d-wave system,
although p(T) is still governed by a power law T depen-
dence at sufficiently low temperatures.

In real materials, the low temperature dependence of
p(T)/ps(0) will be further suppressed by impurity scat-
tering and the linear term will be replaced by a T? term in
the limit 7 <« T’y [27]

k3T? )

T) ~ . -
puall) ~ 201~ B

(6)
where T’y is the scattering rate. In this case, p,(T)/p,(0)
becomes

ps(T) ~1— Ps,z(O) k%?Tz _ ps,l(o) ae‘A/l/kBT.
Ps(o) ps(o) 677-FOA2 ps(o)

We believe this formula captures the main feature of low
temperature superfluid density. Indeed, by fitting the ex-
perimental data with the above equation, we find that it
does give a good account for the low temperature super-
fluid in the whole doping range. This can be seen from
Fig. 1 where the fitting curves of Eq. (7) to the measure-
ment data published in Ref. [11] are shown for three
representative doping cases in the under-, optimal, and
over-doping regimes, respectively.

In electron-doped materials, doping will reduce the dis-
tance between the FS of the first band and the nodal lines of
vi- At low doping, the contribution from the exponential
term is small and the 72 term is dominant. By further
doping, A} begins to drop (the inset of Fig. 1), the con-
tribution from the exponential term becomes comparable
with the 72 term in certain low temperature regimes. In this
case, the T? dependence of p(T) would become difficult to
be identified if the exponential term is not clearly sepa-
rated. In a heavily overdoped regime, the FS of the first
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FIG. 1 (color online). Fitting curves of Eq. (7) to the low
temperature superfluid density data published in Ref. [11] for
x =0.124, 0.131, and 0.152. The inset shows the doping depen-
dence of the fitting parameter Af.

band will stride over the nodal lines of y,. In this case,
A} =0 and p,(T)/p,(0) should behave similarly, as in a
conventional d-wave superconductor. This picture for the
doping dependence of low temperature p,(T)/p,(0) agrees
qualitatively with all experimental observations.

Close to T., a positive curvature will appear in p,(T).
This is a simple but universal property of a weakly coupled
two-band system [20]. To understand this, let us first con-
sider the case g3 = 0. In this case, the two bands are
decoupled and will become superconducting indepen-
dently. Let us denote their transition temperatures by 7%,
and TY and assume 7?, < TY,. For finite but small g3, the
superconducting transition will occur at a critical tempera-
ture close to 7%, i.e., T, ~ T, (Fig. 2). Just below T, p is
mainly contributed from the second band. However, when
T drops below TY,, the intrinsic superconducting correla-
tion of the first band will appear in addition to the induced
one, and the contribution to p,(7) from this band will rise
rapidly with decreasing temperature. Consequently, a clear
upturn will show up in p(T) around T?,. The appearance
of a positive curvature in the experimental data of p(T), as
already mentioned, is a strong support to the two-band
picture.

To calculate explicitly the temperature dependence of p,
in the whole temperature range, one needs to know the
band dispersion ¢;;. For this purpose, we adopt the ex-
pressions first proposed by Kusko et al [16] &, =

*(eix T €igro * \/(8i,k — &ixro)’ +48%)/2 — p; where
* corresponds to the first/second band, ¢g; =
—21;(cosk, + cosk,) — 41;cosk, cosk, — 4t/(cos’k, +
cos?k, — 1), #j = —0.25¢;, and #} = 0.21;. Q = (m, ) is
the antiferromagnetic wave vector and here 6 is taken as a
constant. w; is the chemical potential determined by the
occupation number for each band. It was shown that the FS
contours determined from this formula agree qualitatively
with the ARPES data [15,16]. Following the suggestion of
Refs. [17,18], we assume that the second band is holelike.
The doping concentration is therefore given by the differ-
ence x = n, — n;,, where n, and n,, are the carrier concen-

1.0
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FIG. 2 (color online). Illustration of the contributions from the
two bands to the superfluid density in electron-doped cuprates.
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FIG. 3 (color online). Comparison between theoretical calcu-
lations (solid lines) and experimental data (symbols) [11] for the
temperature dependence of the normalized superfluid density
ps(T)/p,(0) of PCCO Pr,_,Ce,CuQO,at three different doping
levels.

trations of the first and the second bands, respectively.
However, it should be emphasized that similar results can
also be obtained if both bands are electronlike.

Figure 3 compares the theoretical results of superfluid
density for a pure system with the corresponding experi-
mental data (symbols) [11] for x = 0.124, 0.131, and
0.152. The parameters used are ¢ =35, 1, =1,
(g1, &2 g3, o, 1) = (1.3, 1.082, 0.005, 0.214, 0.09) for
x=0.124, (1.3, 1, 0.01, 0.231, 0.1) for x = 0.131, and
(1.3, 0.984, 0.001, 0.261, 0.11) for x = 0.152. As can be
seen, the overall agreement between theoretical calcula-
tions and experimental data is fairly good. It gives strong
support to our picture. In low temperatures, the theoretical
curves exhibit stronger temperature dependence than the
experimental ones, especially for the case x = 0.131. This
is because the impurity scattering was not included in the
theoretical calculations. By including the impurity scatter-
ing, the linear temperature behavior p; will be replaced by
a quadratic form. This, as demonstrated in Fig. 1, will
reduce the difference between theoretical calculations
and experimental data in low temperatures.

Besides the superfluid density discussed above, our
model is also consistent with the phase-sensitive tunneling
spectroscopy, and other experiments that support d-wave
pairing symmetry in electron-doped cuprates. Recently, the
ARPES , as well as the Raman spectroscopy, showed that
the energy gap is highly anisotropic and shows a maximum
between the nodal and antinodal regions. This nonmono-
tonic variation of the energy gap from the zone diagonal to
the zone axis is not what one may expect for a single-band
d-wave superconductor, but is compatible with our two-
band picture.

More experimental measurements should be done to
further detect the gap structure in electron-doped materials.
The scanning tunneling measurement that was used for
testing the two-band nature of MgB, from the vortex
core state along the ¢ axis [28], for example, can be used
to examine the two-gap picture here. Since the interlayer

hopping is highly anisotropic [26] and the ¢ axis tunneling
current is contributed mainly from the first band, this
measurement would allow us to determine the coherence
length of the first band from the spatial extension of the
vortex core. Comparing it with the coherence length of the
second band which can be determined from the measure-
ment of H,,, will provide a direct test for our two-band
theory.

In conclusion, we showed that the temperature depen-
dence of p, in electron-doped cuprate superconductors can
be well explained by a weakly coupled two-band model.
Our work resolves the discrepancy in the interpretation of
different measurement results. It suggests that the pairing
potential in electron-doped cuprates has d,»_,» symmetry
in the whole doping range, same as in hole-doped
materials.
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