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We present a simple theoretical explanation for a transition flemave to another superconducting pairing
observed in the electron-doped cuprates. @fe 2 pairing potentialA, which has the maximal magnitude
and opposite signs at the hot spots on the Fermi surface, becomes suppressed with the increase of electron
doping, because the hot spots approach the Brillouin zone diagonals, wheneishes. Therd,2_,2 pairing
is replaced by either singletwave or tripletp-wave pairing. We argue in favor of the latter and propose
experiments to uncover it.

DOI: 10.1103/PhysRevB.69.144501 PACS nunider74.72—h, 74.20.Rp, 74.20.Mn

. INTRODUCTION A(p) between the different groups have to be determined

from additional considerations.

The superconducting pairing symmetry in the electron- |n Fig. 1, the dashed and solid lines show the Fermi sur-
doped cuprate%, such as Ng ,CgCuQ, and faces corresponding to the hole- and electron-doped cuprates.
Pr,_,Ce,CuQ,, has been debated for a long time. Originally, Notice that thel” point (0,0) is located at the corner of Fig.
it was thought to be of the-wave typé* Later, observation 1, so that the area inside the Fermi surface is occupied by
of the half-quantum magnetic flux in tricrystdlsmproved  holes and outside by electrons. The dashed Fermi surface,
microwave measurements of temperature dependence of teerresponding to the hole-doped case, encloses a larger area,
London penetration depth,angle-resolved photoemission and the pairs of hot spots shown by the open circles in Fig. 1
spectroscopy(ARPES and Raman scatterifigtudies, and  are located close to the van Hove points %), (,0),
observation of the/H dependence of specific heat on mag- (2, ), and (m,27). It is natural to assume that(p) has

netic fieldH (Ref. 7 pointed to thed-wave symmetry. Re-
cently, evidence was found for a transition frakto s-wave

pairing symmetry with the increase of electron dopifg.

Biswas et al® concluded that Br,CeCuQ, has d-wave

the same sign within each pair of the neighboring hot spots.
This assumption, in combination with E€L), immediately
results in the familiad,2 2 symmetry of the pairing poten-
tial.

pairing atx~0.15 ands-wave pairing atx~0.17. In this
paper, we propose a simple scenario for the transition from
the d-wave to another pairing symmetry and argue that the
latter can actually be triplgt wave.

First we present a qualitative picture in terms of the Fermi
surface geometry shown in Fig. 1. According to the
theoretical model®~*? the antiferromagnetic spin fluctua-
tions (ASF) peaked at the wave vect®=(,7) are re-
sponsible ford-wave superconductivity in the hole-doped cu-
prates. Commensurate ASF at the wave veQoare also
observed in the electron-doped cuprdte3he interaction
via ASF has the highest strength at the so-called hot spots,
the points on the Fermi surface connected to each other by
the vectorQ. These points are labeled in Fig. 1 by the con-
secutive numbers from 1 to 8. Since the interaction via ASF
is repulsive in the singlet channel, the superconducting pair-
ing potentialA(p) has opposite signs at the two hot spots
connected by the vect@,

(m,2m)

(0,m) (2n,m)

r(0,0)
A(P+Q)=—A(p). @) FIG. 1. Fermi surfaces of E@2) for hole doping(dashed line,
) o ) u=—1.76,x=0.48) and electron dopin¢solid line, u=—0.4, x
Thus, the eight hot spots can be divided into four groups=—0.15). The hot spots are shown by open and solid circles. The
(1,6, (2,9, (3,8, and (4,7), with the signs ofA(p) being radius of the circlesr=0.1 represents the width of the interaction
opposite within each group. However, the relative signs of4) in the momentum space.
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However, the situation does change in the electron-dopec
case. With the increase of electron doping, the Fermi surface
shrinks, and the hot spots move away from the van Hove
points toward the Brillouin zone diagonals. The following
pairs of the hot spots approach each otli&)2), (3,4), (5,6),
and (7,8). The d,2_,2 pairing potential has opposite signs
within each pair and vanishes at the zone diagonals. Thus, ii
the electron-overdoped cuprates, when the hot spots get clos
enough, thed,2_,2 pairing becomes suppressed. Then, a su-+°
perconducting pairing of another symmetry may emerge,™
with the pairing potential of the same sign on both sides of

0.0

the zone diagonals. This is the mechanism that we propos L w/2r \
for the transition observed in Refs. 8 and 9. -0.20 - - —,=0106 \
: —,=0412 \
Il. SUPPRESSION OF d-WAVE PAIRING 030 0 w2 me 77T "Phs=0|-785 N A
To illustrate how thed,2_ 2 pairing evolves with doping, 0 /8 w4 3n/8 /2
we perform calculations employing the typical electron dis- ¢ (radians)

persion law,

£(p) = — p—2tp(cospy+ cospy) +4t; cosp, cospy,
)

with t1/ty=0.45. The chemical potential controls the hole
concentratiom, which is determined by the ar&inside the
Fermi surface in Fig. 1n=2S/(2w)2. The dopingx=n
—1 is defined as the deviation affrom half filling, so that
x>0 andx<0 correspond to hole and electron dopifighe
relationSec1+x is in agreement with ARPES, except for the
region of small doping arouns=0, where the antiferro-
magnetic Mottt insulating state intervenes. For
Nd,_,CeCuQ,, this was established in Ref. 15, and move-

ment of hot spots toward the zone diagonals with the in-
crease of electron doping was directly observed in Refs. 5,

15, and 16. Notice that, for the dispersion la®), the hot

spots exist only within a finite range of chemical potential
—4t,<u<0, which corresponds to the range of doping
—0.25=x_<x<x,=0.53. The respective pairs of the hot
spots merge and disappear at the van Hove points when
—X, and at the zone diagonals when>x_ . Thus, in this

model, thed,2 2 superconductivity can exist only within a

FIG. 2. The pairing potentiah at T=0 vs the anglep on the
Fermi surface, shown by the dashed line fg=0.37 (u
=—1.6), the solid line forx=—0.1 (u=—0.6ty), and the dotted
line for x=—0.25 (u=0). The main panel represents ttg_ .
state, and the upper inset the chimlvave state. The angle
indicates position of the hot spot 1. The lower inset shows the phase
6 of A(@)=|Ale'? for the chiralp-wave pairing.

triplet pairings, the functions/q(q)=V.(q) —3Vs(q) and
V1(q)=V.(q)+Vs(q) enter Eq.(3), respectively. To sim-
plify our calculations, we ignore the frequency dependence
of V and use the conventional ASF interaction of the form

Vo(q)= 4

9
(9—Q)*+0?
with the coupling constarg= 2t, and the widthc=0.1.1°

The d,2_2 pairing potentialA, calculated aff=0 for
three different dopings, is shown in the main panel of Fig. 2
vs the anglep on the Fermi surfacésee Fig. 1 The dashed
line refers to the strong hole dopimg-0.37 close to, , the
dotted line to the strong electron dopirg x = —0.25, and

finite range of electron and hole doping, in qualitative agreethe solid line to the intermediate electron doping —0.1.
ment with the experimental phase diagram of cuprates. Dopfhe angle¢y indicates the position of the hot spot 1 for
ing dependence of the Fermi surface in the electron-dopeghese dopings. We see that the maxima |af(¢)| are

cuprates obtained from the ARPES measurement§ was
quantitatively interpreted within a simple band-structure

achieved at the hot spots, i.e.,g@t ¢, as discussed in Ref.
20. The solid curve in Fig. 2 qualitatively agrees with the

model in Ref. 17. The results are in qualitative agreemenhonmonotonic functiom (¢) inferred from the Raman scat-

with the Hall coefficient measuremertts.
To verify the qualitative picture given in the Introduction,
we solve the BCS equation for the pairing potential,

E(p")
tanh—— 2,
A <p>=—Jv75<p—p'>—2T A2
“ “ 2E(p) 7T (2m)?

(€©))
Here E(p) = V&%(p) + A%(p), T is temperature, anvgg(q)
=V(0) 8,85+ Vs(a) o o is the effective interaction be-

tween electron charges and spins, wherare the Pauli ma-
trices, anda, B, y, & are the spin indices. For singlet and

tering in Nd, g-Ce, 14Cu0,.® We also observe that\| drops
precipitously when the hot spots approach the zone diago-
nals. This happens because the integral in @j.is sup-
pressed when positive and negative peakA @f) are close

to each other.

IIl. ALTERNATIVE SUPERCONDUCTING PAIRINGS

Once thed,2_,2 pairing is suppressed in the case of
strong electron doping, pairing of a different symmetry may
emerge in the system. Evidently, this pairing should provide
the same sign ofA within each pair(1,2), (3,4), (5,6), and
(7,8 of the approaching hot spots. There are three possibili-
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ties depending on the relative signsfdfbetween the differ- potential have two componentd {,A,), the real and imagi-
ent pairs of the hot spots. The same sign for all the hot spotsary parts ofA in the chiral case andn(A,n,A) in the
corresponds t@ wave, the opposite sign betweéh?2) and nonchiral case, which satisfy the symmetry relation
(3,4 to d,, wave, and the opposite sign betweldn2) and  [Ax(py.py)|=|A1(py.py)|. Then, the gap|A[?=AF+AS
(5,6) to triplet p-wave pairing. We need to find out which of does not have nodes, but is modulated along the Fermi sur-
these states wins. face. This easily explains the reduced valueAgf,,/T. ob-

Measurements of the temperature dependence of the peperved in Ref. 23. The tunneling spectrum, shown in Fig. 3
etration depth\(T) show a transition from a gap with nodes Of Ref. 28 for A= (sinp*i sinp), has double peaks, as in
to a nodeless gap with the increase of electron doping ithe experiment. Thus, the experimerft$** are compatible
Pr,_,CeCu0Q, and Lag_XCQ(CuO4_y.9 The point contact vv_|th bot_h s and p-wave pairings and are not sufficient to
spectroscopy of Br,CeCuO, Ref. 8 shows a transition distinguish between them. _ o
from a strong zero-bias conductance peak, originating from. Measuremgnts of Fh.e Knight Sh'.ft can @syngwsh between
the midgap Andreev surface states in thevave case, to singlet and triplet pairing. The Knight shift in the electron-
double peaks typical fos wave. These experiments elimi- doped Py ;L.aC8 odCUQ,y was found to degcrease beldiy
nated,,-wave pairing, because it has gap nodes and the mi _or'13|stenFIy .W'th the singlet-wave pairing:” However, the

Xy . _ night shift in Pr gCe& 18Cu0, _, was found not to change

gap Andreev statesl,,-wave pairing was proposed in Ref. o, 1 30 This is an indication of triplet pairing, like in
21 as a possible successor thz_,2 in the electron- gy po" (Ref. 3) and in the organic superconductors
overdoped_ phase. In the theorgtlcal m_odel of Ref. .21, nonlo(TMTSF)ZX.32 To obtain a complete picture, it is desirable
cal corrections to the Hubbard interactiordue to spin fluc- {45 measure the Knight shift in the superconducting state sys-
tuations were taken into account only in the lowest order inematically as a function of electron doping across the tran-
U, whereas in our modeH) the peak aQ is obtained by sition fromd,_,2 pairing to a new pairing.
summing an infinite  number of random-phase- gspontaneous time-reversal-symmetry breaking in the chi-
approximation-like diagrams. The interactio#) peaked at 3 p-wave state can be detected by the muon spin-relaxation
Q= (m, ) is not favorable ford, -wave pairing. _ measurementd as in SsRu0O,,>* or by measuring the local

The simplest alternative pairing symmetry consistent withmagnetic field produced by the chiral Andreev surface states.
the experiments’ is s wave, which can be produced by Quantitative estimates done in Ref. 35 show that the latter
phonons. This scenario was proposed by AbrikdSowho  effect can be realistically observed with a scanning supercon-

argued that, with the increase of dopingwave supercon-  gucting quantum interference devic@QUID) microscope®
ductivity is destroyed by disorder, whereawave supercon-

ductivity survives. Theswave energy gapA| has no nodes
and is roughly uniform along the Fermi surface. However, IV. COMPETITION BETWEEN  d- AND p-WAVE PAIRINGS

the swave scenario encounters some problems. When as discussed after Eq3), the ASF interaction/, enters
|A(p)| varies along the Fermi surface, measurements ofy the singlet and triplet superconducting pairing channels
A(T) yield the minimal value of the gaf\,, at T=0. The  with opposite signs. Thus, it is unfavorable fewave pair-
experimert’ found A r,;,/T.=0.85, whereas, for the phonon- ing, and a different mediator is needed. Triplet pairing is
induceds-wave superconductivity, this ratio should be closeysually associated with the ferromagnetic spin fluctuations,
to the BCS value 1.76. Furthermore, for the phonon mechag g ., in the superfluid He-&Ref. 25 or S,LRUO,.%” In Ref.
nism, T, is not expected to depend on doping significafly, 38 the symmetry of superconducting pairing was studied as
whereas the experimentdl, declines steeply ax|=0.15 3 function of the Fermi surface change with doping in a
and vanishes fopx|=0.2 outside of the dome-shaped phasesquare lattice model with nearest-neighbor interaction. It was
diagram of the electron-doped cupraté$.Incidentally, the  found that the symmetry changes with doping frdrwvave
value of doping where superconductivity disappears is closg p wave tos wave. The results were applied to,BuQ,,
to x_, which indicates that the hot spots may be equallybut they may be also relevant to the electron-doped cuprates.
important for the alternative superconducting pairing. In the calculations given below, we focus on another pos-
Thus, it is worth considering the last alternative pairing,sible mediator forp-wave pairing, namely, the charge-
namely, the tripletp wave. It has the order parameter density fluctuationdCDF) enhanced in the vicinity of the
A€, 0% n, wheree,,, is the antisymmetric spin tensor, and charge-density-wavéCDW) instability. The role of CDW
n is the unit vector of spin polarizatidi.The symmetry of  fluctuations in cuprates was emphasized in Ref. 39. In a crys-
triplet pairing in a tetragonal crystal was classified in Ref.tal, the CDW wave vector is expected to be closeQo
26. In theE, representationn points along thec axis, and = (4, 7), and the CDF interactioW.(q) would have a peak
the phase ofA(p) changes by 2z around the Fermi surface. at this vector. Such interaction has repulsive sign in the sin-
This order parameter is chiral and breaks the time-reversallet and triplet particle-particle channels, resulting in the
symmetry. The simplest example 4p) = (sinp,*i sinp,), condition (1) and supporting botld- and p-wave supercon-
which was originally proposed for SRuQ,.%’ In the A, ducting pairings.
Ay, Byy, andB,, representations, the vectarlies in the The relative strength of CDF vs ASF in cuprates is subject
(a,b) plane and rotates around the Fermi surface by théo debate, and detailed evaluation\g{q) is not the purpose
angle 2. These order parameters are not chiral and do nodf our paper® Instead, we employ a toy model with the
break the time-reversal symmetry. Both types of the pairingsame interaction in the triplet and singlet chann&lg(q)
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FIG. 3. Dependence of various quantities on dopin¢g). The
hot spot anglepys, (b) the transition temperaturg;, (c) the con-
densation energ¥, and(d) the maximal gap - The solid and
dashed lines correspond to tieg._,2 and to the chiralp-wave

pairings.

=Vy(q)=V.(q), whereV,(q) is given by Eq.(4). Then, the
difference in the solutions of the BCS equati@ for d- and
p-wave pairings results only from the geometry of the Fermifirst-order phase-transition line. Another possibility, calcu-
surface. The upper inset in Fig. 2 shows the magnituddated in Ref. 38, is that this line is split into two second-order

|A(¢)| and the lower inset the phageof A(¢)=|A|e'’

|A(¢)| has maxima at the hot spots angigs, but, unlike in

the d,2_2 case, it does not vanish at=/4 and is not

ing x. Panel(a) shows the hot spot anglg,s. Panelgb), (c),

Amax, and the condensation energy for the d,2 2 and

zone diagonals closely enougpswave pairing wins over
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FIG. 4. Solid lines: superconducting phase diagram of electron-
doped cuprates vs dopingcalculated on the basis of Fig. 3. The
vertical dashed line is a guide for eye.

With the increase of temperature, the field dependence was
found to change ta/H, indicating a transition inta-wave
state, as shown in Fig. 4.

In the simplest case, theep transition line in Fig. 4 is the

phase-transition lines, and tipeandd phases coexist in the
calculated for the chirap-wave pairing. We observe that intermediate region. Which of the two scenarios takes place
is determined by the higher-order coefficients of the Landau
expansion of the free energg.g., see discussion in Ref.)42
suppressed when the hot spots approach the zone diagondBslculations of these coefficients depend on fine details of a
In Fig. 3, we show how various quantities depend on doptheoretical model and may be unreliable, e.g., they may be
affected by renormalizatioff. Thus, the question of one first-
and(d) show the transition temperatufg, the maximal gap order vs two second-order transitions betwdeandp-wave
phases remains open, both theoretically and experimentally.
chiral p-wave pairings. It is clear from Fig. 3 that, at the We would like to point out that a similar question applies to
doping aroundk=—8%, where the hot spots approach thea cascade of the magnetic-field-induced phase transitions in

observed

organic

conductdfs. It was found

d,2_,2 pairing. With further increase of electron doping be- experimentall§” that in high magnetic fields the system ex-
hibits single first-order phase transitions with hysteresis,

yond x_, hot spots disappear, and the propopedave su-

perconductivity rapidly vanishes, in qualitative agreementvhereas in lower fields it exhibits double-split second-order
phase transitions without hysteresis. Thus, both scenarios can

with the experimental phase diagrarff It would be very

interesting to verify this conjecture by ARPES measurementéake place in the same sample under different conditions.

of the hot spot positions simultaneously with the supercon-

Positive x in Fig. 3 corresponds to hole doping. At

ducting phase diagram in the electron-overdoped regime. =X, , the hot spots merge and disappear at the van Hove
points (07r) and (7,0). Comparing panel®) and(b) in Fig.

Notice that the doping,= —8.8%, where thé; curves
for d- and p-waves cross in pandb), is slightly different

from the dopingx,= —6.6%, where thé= curves cross in

tion from d to p wave are slightly different af, and T

in Fig. 4 by the solid line. If a sample has the dopixn
betweenx, andx,, it should experience a transition from

found to depend linearly on a magnetic fielg indicating a
fully gapped pairing potential consistent wighor p wave.

3, one may notice that the maximum ©f is achieved at a
hole dopingx<x, , andT, rapidly decreases to zero far
panel(c). This means that the critical dopings for the transi->X.. . Naively one would expect maximal, at x=x,

where the van Hove singularity is at the Fermi surface. How-
=0. Thus, thed-p transition line, obtained by connecting ever, the four hot spots surrounding each saddle point at
the transition points af, andT=0, is not vertical, as shown <X, cover more momentum space and, thus, produce a
higherT, than atx=Xx, , where the four hot spots merge into
one. These results are in qualitative agreement with the phase
wave tod wave with the increase of temperature, as shown irdiagram of La_,Sr,CuQ, mapped to the ARPES measure-
Fig. 4 by the dashed line. This effect was actually observednents of its Fermi surface in Figs. 8 and 7 of Ref. 40. In the
experimentally in the slightly overdoped samples ofexperiment, the maximal, is achieved atx=15%, the

Pr, g£Ce 1CUO,.*! At low temperature, specific heat was Fermi surface passes through the van Hove pointx at
=22%, andT, vanishes ak=27%. Our theoretical Fig. 3
shows the same sequence albeit at different values loé-
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of the electron dispersion law flattening is discussed in
review?*

Note added in proofRecently we became aware of Refs.
45 and 46, which studied evolution dfwave superconduc-

tivity in the electron-doped cuprates.
We have shown that, when the hot spots approach the

Brillouin zone diagonals in the electron-overdoped cuprates,
d,2_,2 pairing becomes suppressed and is replaced by either
singlet swave or tripletp-wave pairing. The transition is
most likely of the first order as a function of dopimg To V.M.Y. thanks S. E. Brown and H. Balci for sharing their
verify the proposed scenario, it is desirable to measure comnpublished experimental resdftend Ref. 41. V.AK. and
relation between superconductifig and the hot spots posi- V.M.Y. thank R. L. Greene for useful discussions, and the
tions by ARPES. We have given a number of arguments irKavli Institute for Theoretical Physics at Santa Barbara for
favor of the tripletp-wave pairing, which may break the the opportunity to start this collaboration. V.A.K. and H.K.
time-reversal symmetry. The Knight shift measurements inhank the Condensed Matter Theory Center for arranging
different samples of electron-doped cuprates show botlheir visits to the University of Maryland. VMY is supported
singlet® and triplet® superconducting pairing, which may be by the NSF Grant No. DMR-0137726, H.K. by Ewha Wom-
an indication of the transition between the two types. Muonans University and by Korean Research Foundation, V.A.K.
spin-relaxation and the scanning SQUID experiments can désy the NSF Grant No. PHY-0140316 and by the McDonnell
tect spontaneous violation of the time-reversal symmetryCenter for Space Sciences, and V.A.K. and M.V.Z. by Grant
Relationship between our proposed theoretical scenario dflo. NS-1885.2003.2 from the Russian Ministry of Industry

cause our dispersion law parametgygndt, in Eqg. (2) are
not optimized for La_,Sr,CuQ;.

V. CONCLUSIONS
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