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Fine Structure in the Tunneling Spectra of Electron-Doped Cuprates:
No Coupling to the Magnetic Resonance Mode
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We reanalyze high-resolution scanning

tunneling

spectra of the electron-doped cuprate

PrygsLaCey 1,CuOy (T. = 24 K). We find that the spectral fine structure below 35 meV is consistent
with strong coupling to a bosonic mode at about 16 meV, in quantitative agreement with early tunneling
spectra of Nd,; g;5Ce( ;5CuQ,. Since the energy of the bosonic mode is significantly higher than that (9.5—
11 meV) of the magnetic resonancelike mode observed by inelastic neutron scattering, the coupling
feature at about 16 meV cannot arise from strong coupling to the magnetic mode. The present work thus
demonstrates that the magnetic resonancelike mode cannot be the origin of high-temperature super-

conductivity in electron-doped cuprates.
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The microscopic pairing mechanism for high-
temperature superconductivity in cuprates remains elusive
despite tremendous efforts for over 20 years. The most
central issue is the origin of the bosonic modes mediating
the electron pairing. Most workers believe that magnetic
resonance modes, which have been observed in various
hole-doped double-layer cuprate systems, predominantly
mediate the electron pairing. Recent observation of a mag-
netic resonancelike mode at 9.5-11.0 meV in two electron-
doped cuprates [1,2] seems to suggest that the magnetic
resonance is a universal property of all cuprate systems and
thus essential to the pairing mechanism of high-
temperature superconductivity. However, this speculated
magnetic pairing mechanism is seriously undermined by
recent optical experiments [3] which showed that the
electron-boson spectral function a*(w)F(w) is indepen-
dent of magnetic field, in contradiction with the theoretical
prediction based on the magnetic pairing mechanism (see
Fig. 9 of Ref. [3]). In contrast, extensive studies of various
unconventional oxygen-isotope effects in hole-doped cup-
rates have clearly shown strong electron-phonon interac-
tions and the existence of polarons [4-12]. Neutron
scattering [13], angle-resolved photoemission (ARPES)
[14,15], and Raman scattering [16] experiments have also
demonstrated strong electron-phonon coupling. Further,
ARPES data [17] and tunneling spectra [18—22] have con-
sistently provided direct evidence for strong coupling to
multiple-phonon modes in hole-doped cuprates. Therefore,
electron-phonon coupling in hole-doped cuprates should
play an important role in the pairing mechanism.

On the other hand, the role of electron-phonon coupling
in the pairing mechanism of electron-doped cuprates has
not been clearly demonstrated. Early tunneling spectra in
Nd; 35sCe( 15CuO, (NCCO) suggested predominantly
phonon-mediated pairing [23] while the oxygen-isotope
exponent aq in Pry g5Ce( 15CuO, was found to be 0.08 =
0.01 (Ref. [24]), which is significantly below 0.5, expected
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for the phonon-mediated mechanism. Moreover, surface-
sensitive ARPES experiments showed very weak electron-
phonon coupling [25], which may support an alternative
mechanism where the 10 meV magnetic resonance mode is
mainly responsible for the pairing. If this were the case, the
strong coupling to the 10 meV magnetic excitation would
show up in single-particle tunneling microscopy that has a
much higher energy resolution than ARPES. However, the
early tunneling spectra [23] do not seem to show this
coupling feature at about 10 meV. One might argue that
the absence of this coupling feature in the early data could
be due to a low experimental resolution and poor sample
quality. Therefore, it is essential to obtain reproducible
high-resolution single-particle tunneling spectra and ana-
lyze the spectra in a correct way to unambiguously address
this issue.

Here we reanalyze high-resolution single-particle tun-
neling spectra of the electron-doped cuprate
Pry gsLaCe ,CuOy (T, = 24 K) [26]. The d*1/dV? spec-
tra reveal one dip and two peak features below V =
35 mV, where I is the tunneling current and V is the bias
voltage. We find that these fine features are consistent with
strong coupling to a bosonic mode at about 16 meV, in
quantitative agreement with early tunneling spectra [23] of
Nd, g5Ce 15CuQy,. Since the energy of the bosonic mode is
significantly higher than that (9.5-11 meV) of the magnetic
resonancelike mode observed by inelastic neutron scatter-
ing [1,2], this coupling feature cannot arise from strong
coupling to the magnetic mode. The present work thus
demonstrates that the magnetic resonancelike mode cannot
be the origin of high-temperature superconductivity in
electron-doped cuprates.

For conventional superconductors, the energies of the
phonon modes coupled to electrons can be precisely de-
termined from the second derivative tunneling spectra
d’I/dV?. Measured from the isotropic s-wave supercon-
ducting gap A, the energy positions of the dips (minima) in
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d*1/dV? correspond to those of the peaks in the electron-
phonon spectral function a?(w)F(w) (Refs. [27,28]). In a
recent article [29] attempting to show an important role of
phonons in the electron pairing, the authors assign the
energy (52 meV) of a peak position in d*I/dV? spectra
of Bi,Sr,CaCu,0g.4 to the energy of a phonon mode.
Such an assignment is incorrect because the energies of
phonon modes are equal to the energies of dip positions
rather than peak positions in d>I/dV? (see Fig. 1 below and
also Refs. [21,22,27,28]). The same mistake occurs in a
more recent article [26] where the authors also assign the
energy (10.5 meV) of a peak position in d>1/dV? spectra of
Prg ggLaCe; ,CuO, (PLCCO) to the energy of a bosonic
mode. Since this mistakenly assigned mode energy
(10.5 meV) is very close to the energy (9.5-11 meV) of
the magnetic resonancelike mode measured by inelastic
neutron scattering [1,2], the authors [26] conclude that the
magnetic resonance mode mediates electron pairing in
electron-doped cuprates.

Figure 1 shows the normalized second derivative
(d*1/dV?)s/(dl/dV)y for the conventional superconduc-
tor Pb along with the electron-phonon spectral function
a’(w)F(w) (where S represents the superconducting state
and N the normal state). The figure is reproduced from
Ref. [27]. It is apparent that the dip features in (d?1/dV?)g
match precisely with the peak features in a?(w)F(w) (see
the vertical solid lines). Therefore, the energy positions of
bosonic modes strongly coupled to electrons correspond to
the energy positions of the dip features (rather than the
peak features) in (d?1/dV?)s. As a matter of fact, this is
true not only for Pb but also for any boson-mediated
superconductor, as demonstrated both experimentally and
theoretically [28].
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FIG.1 (color online). Normalized second derivative

(d@*1/dV?*)s/(dl/dV)y for the conventional superconductor Pb
along with the electron-phonon spectral function a?(w)F(w)
(where S represents the superconducting state and N the normal
state). The figure is reproduced from Ref. [27]. It is apparent that
the dip features in (d?1/dV?*)g match precisely with the peak
features in @?(w)F(w) (see the vertical solid lines).

In Fig. 2(a), we show the tunneling conductance
(dI/dV)g in the superconducting state for the electron-
doped PrgglaCe( ,CuO, crystal. The data are digitized
from Ref. [26]. The normal-state tunneling conductance
(dI/dV)y is approximated by a straight line, which is
obtained by conservation of states; i.e., the superconduct-
ing spectral deviation above the line is balanced by the
deviation below. This straight-line approximation for the
normal-state conductance was also used in Ref. [26]. Then,
we obtain the normalized conductance (dI/dV)s/(dI/
dV)y, which is shown in Fig. 2(b).

For an anisotropic gap function A(#), the directional
dependence of the differential tunneling conductance is
given by [30]
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FIG. 2 (color online). (a) Tunneling conductance (dI/dV)g in
the  superconducting state for the electron-doped
Prj ggLaCeq 1,CuO,4 (PLCCO) crystal (O). The data are digitized
from Ref. [26]. The normal-state tunneling conductance
(dI/dV)y is approximated by a straight line, which is obtained
with conservation of states. (b) Normalized conductance g =
(dI/dV)g/(dl/dV)y. The solid line is the numerically calculated
curve in terms of an anisotropic s-wave gap symmetry and the
dashed line is the numerically calculated curve in terms of
d-wave gap symmetry.
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where N(0) represents the anisotropy of the band disper-
sion, I" is the lifetime broadening parameter of an electron,
p(6 — 6)) is the angle dependence of the tunneling proba-
bility and equal to exp[—Bsin?(6 — 6,)], and 6, is the
angle of the tunneling barrier direction measured from
the Cu-O bonding direction. For simplicity, we assume a
cylindrical Fermi surface so that both N(#) and B are
independent of the angle. The solid line is the numerically
calculated curve using I'=0.73 meV, B=6, 6, =
0.187r, and an anisotropic s-wave gap function: A =
4.4(1.0-0.6 sin40) meV. The dashed line is the numeri-
cally calculated curve using I' = 0.40 meV, 8 =17, 6y =
7/4, and a simple d-wave gap function: A =
7.2 cos20 meV. It is interesting that the calculated curves
for the anisotropic s-wave and d-wave gaps are all in good
agreement with the data. We further find that the isotropic
s-wave gap is inconsistent with the data. Therefore, the
tunneling spectrum alone rules out isotropic s-wave gap
symmetry on the top surface of the crystal but cannot make

— (d®I/dV?), ]
——(dl/dV), 1

0 5 10 15 20 25 30 35

eV (meV)

40:"bl""I""I""I""I""I""-
355 R PLCCO E

30 i di

Q,=15.9 meV E

E

pi

20 |
15
10

5 10 15 20 25 30 35
eV (meV)

Probability (%)

FIG. 3 (color online). (a) The second derivative spectrum
(d*1/dV?)s together with the first derivative spectrum
(dI/dV)g for the PrygglaCeq,CuO, crystal. The figure is
reproduced from Ref. [26]. (b) A histogram of the occurrences
of Ak and the energies E,; and E,, for a map of tunneling
spectra on a 64 A X 64 A area of the sample. The data are taken
from Ref. [26].

the distinction between d-wave and anisotropic s-wave gap
symmetry.

In Fig. 3(a), we show the second derivative spectrum
(d*I/dV?)s together with the first derivative spectrum
(dI/dV)g for the PrjgglaCe,CuQ, crystal. The figure
is reproduced from Ref. [26]. In the (d*1/dV?)g spectrum,
there are two peak features at £,,; = 17.8 meV and £, =
29.0 meV and one dip feature at E, = 23.4 meV, as
indicated in the figure. It is clear that the dip feature is
just halfway between the two peak features. The energy
position Ay of the peak in the (dI/dV)g spectrum is about
7.0 meV. Following the result of Fig. 1 for Pb, the energy of
the bosonic mode coupled strongly to electrons is {); =
E; — Agr = 16.4 meV, which is slightly lower than the
energy of a very strong coupling feature observed in hole-
doped cuprates (e.g., 20 meV in Bi,Sr,CaCu,0g, 5
[20,21,31] and 18 meV in La,_,Sr,CuO, [22]).

Figure 3(b) shows a histogram of the occurrences of Ap
and the energies E,,; and E ,, for a map of tunneling spectra
on a 64 A X 64 A area of the sample. The data are taken
from Ref. [26]. According to the result in Fig. 3(a), the
midpoint between E,; and E ,, should mark E,;;. Then, the
difference between E; and Ay is found to be 15.9 meV,
that is, {); = 15.9 meV. More bosonic modes would be
revealed if these spectra were extended to higher energies.

Figure 4 shows electron-boson spectral functions for two
Nd, g5Ce( 15Cu0O, samples along with —(2Ag)dg/dw for
PLCCO (where w = eV — Ay). The electron-boson spec-
tral functions are reproduced from Ref. [23] and
—(2AR)dg/dw is numerically calculated from Fig. 2(b)
after the data are smoothened. The energies of the lowest
bosonic modes in the spectral functions of the two NCCO
samples are 15.2 and 17.2 meV, respectively. A simple
average of the mode energies of the two NCCO samples
is 16.2 meV, which is in quantitative agreement with the
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FIG. 4 (color online). Electron-boson spectral functions (top
two curves) for two Nd;gsCey;5CuO, samples along with
—(2Ag)dg/dw (bottom curve) for PLCCO (where w = eV —
Ag). The electron-boson spectral functions are reproduced from
Ref. [23] and —(2Ag)dg/dw is numerically calculated from
Fig. 2(b) after the data are smoothened.
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energy position (16.3 meV) of the peak in —(2Az)dg/dw
(or —d’I/dw?) and with the average mode energy
(15.9 meV) deduced from Fig. 3 above. This quantitative
agreement clearly indicates that the strong coupling feature
at about 16 meV in the tunneling spectra of electron-doped
cuprates is intrinsic.

Having established the bosonic mode energy and statis-
tics, we now discuss the nature of this mode. The measured
mode energy of about 16 meV rules out its connection to
the magnetic resonance mode which has an energy of
9.5 meV in NCCO (Ref. [2]) and 11 meV in PLCCO
(Ref. [1]). Alternatively, this 16 meV bosonic mode should
be associated with unscreened c-axis polar phonons (trans-
verse optical phonons). Both ARPES data [32] of hole-
doped Bi,Sr,CuOg and a theoretical study [33] indicate
that the transverse optical (TO) phonons are strongly
coupled to electrons due to the unscreened long-range
interaction along the c¢ axis and play a predominant role
in electron pairing. This long-range electron-phonon inter-
action should be present in any layered system but is often
ignored when one theoretically calculates electron-phonon
coupling. For electron-doped Pr; 3sCe( 15CuQy, the lowest
TO modes with energies of 15.6 meV (E, symmetry) and
17.0 meV (A,,) were identified by infrared reflectivity
measurements [34]. Since these two TO modes have en-
ergies very close to the energy of the bosonic mode seen in
the tunneling spectra, it is natural that the 16 meV coupling
feature is associated with strong coupling of these TO
phonon modes to electrons.

In summary, we have reanalyzed the high-resolution
tunneling spectra of the electron-doped
Pry g3LaCe 1,CuO,. We find that the spectral fine structure
below 35 meV is consistent with strong coupling to a
bosonic mode at about 16 meV, in quantitative agreement
with early tunneling spectra [23] of Nd;g5Ceg 5CuOy.
Since the energy of the bosonic mode is significantly
higher than that (9.5-11 meV) of the magnetic resonance-
like mode observed by inelastic neutron scattering, the
coupling feature at about 16 meV cannot arise from strong
coupling to the magnetic mode. The present work thus
demonstrates that the magnetic resonancelike mode cannot
be the origin of high-temperature superconductivity in
electron-doped cuprates.

*g7hao2 @calstatela.edu

[1] S.D. Wilson, P.C. Dai, S.L. Li, S. X. Chi, H.J. Kang, and
J.W. Lynn, Nature (London) 442, 59 (2006).

[2] J. Zhao, P.C. Dai, S.L. Li, P. G. Freeman, Y. Onose, and
Y. Tokura, Phys. Rev. Lett. 99, 017001 (2007).

[3] Y.S. Lee, K. Segawa, Z.Q. Li, W.J. Padilla, M. Dumm,
S. V. Dordevic, C.C. Homes, Yoichi Ando, and D.N.
Basov, Phys. Rev. B 72, 054529 (2005).

[4] G.M. Zhao, K. K. Singh, and D. E. Morris, Phys. Rev. B
50, 4112 (1994).

[S] G.M. Zhao and D.E. Morris, Phys. Rev. B 51, 16487
(1995).

(6]
[71
(8]
(91

[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
(18]
[19]

[20]

[29]

(30]
(31]
(32]

(33]

[34]

236403-4

G. M. Zhao, K. K. Singh, A.P.B. Sinha, and D. E. Morris,
Phys. Rev. B 52, 6840 (1995).

G.M. Zhao, M.B. Hunt, H. Keller, and K. A. Miiller,
Nature (London) 385, 236 (1997).

G.M. Zhao, K. Conder, H. Keller, and K.A. Miiller,
J. Phys. Condens. Matter 10, 9055 (1998).

G. M. Zhao, H. Keller, and K. Conder, J. Phys. Condens.
Matter 13, R569 (2001).

G. M. Zhao, Philos. Mag. B 81, 1335 (2001).

G. M. Zhao, V. Kirtikar, and D. E. Morris, Phys. Rev. B 63,
220506 (2001).

R. Khasanov et al., Phys. Rev. Lett. 92, 057602 (2004).
R.J. McQueeney, Y. Petrov, T. Egami, M. Yethiraj,
G. Shirane, and Y. Endoh, Phys. Rev. Lett. 82, 628
(1999).

A. Lanzara et al., Nature (London) 412, 510 (2001).

0. Rosch et al., Phys. Rev. Lett. 95, 227002 (2005).

O. V. Misochko, E. Ya. Sherman, N. Umesaki, K. Sakai,
and S. Nakashima, Phys. Rev. B 59, 11495 (1999).

X.J. Zhou et al., Phys. Rev. Lett. 95, 117001 (2005).
S.1. Vedeneev, P. Samuely, S.V. Meshkov, G.M.
Eliashberg, A.G.M. Jansen, and P. Wyder, Physica
(Amsterdam) 198C, 47 (1992).

D. Shimada, Y. Shiina, A. Mottate, Y. Ohyagi, and
N. Tsuda, Phys. Rev. B 51, 16495 (1995).

R.S. Gonnelli, G.A. Ummarino, and V.A. Stepanov,
Physica (Amsterdam) 275C, 162 (1997).

G. M. Zhao, Phys. Rev. B 75, 214507 (2007).

H. Shim, P. Chaudhari, G. Logvenov, and I. Bozovic,
Phys. Rev. Lett. 101, 247004 (2008).

Q. Huang, J.F. Zasadzinski, N. Tralshawala, K. E. Gray,
D.G. Hinks, J.L. Peng, and R.L. Greene, Nature
(London) 347, 369 (1990).

G.M. Zhao and D.E. Morris, Phys. Rev. B 50, 3454
(1994).

N.P. Armitage et al., Phys. Rev. B 68, 064517 (2003).

F. C. Niestemski, S. Kunwar, S. Zhou, S.L. Li, H. Ding,
Z.Q. Wang, P. C. Dai, and V. Madhavan, Nature (London)
450, 1058 (2007).

W.L. McMillan and J. M. Rowell, Phys. Rev. Lett. 14, 108
(1965).

J.P. Carbotte, Rev. Mod. Phys. 62, 1027 (1990); W.L.
McMillan and J. M. Rowell, in Superconductivity, edited
by R.D. Parks (Marcel Dekker, New York, 1969), Vol. 1,
p- 561; E.L. Wolf, Principles of Electron Tunneling
Spectroscopy (Oxford University Press, New York,
1985); D. Shimada, N. Tsuda, U. Paltzer, and F. W. de
Wette, Physica (Amsterdam) 298C, 195 (1998).

J.-H. Lee, K. Fujita, K. McElroy, J. A. Slezak, M. Wang,
Y. Aiura, H. Bando, M. Ishikado, T. Masui, J.-X. Zhu,
A.V. Balatsky, H. Eisaki, S. Uchida, and J.C. Davis,
Nature (London) 442, 546 (2006).

K. Suzuki et al., Phys. Rev. Lett. 83, 616 (1999).

G. M. Zhao, Phys. Rev. B 71, 104517 (2005).

W. Meevasana et al., Phys. Rev. Lett. 96, 157003
(2000).

W. Meevasana, T. P. Devereaux, N. Nagaosa, Z.-X. Shen,
and J. Zaanen, Phys. Rev. B 74, 174524 (2006); T. Bauer
and C. Falter, Phys. Rev. B 80, 094525 (2009).

M. K. Crawford et al., Solid State Commun. 73, 507
(1990).



