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Interpreting quantum oscillation experiments on underdoped YBa,Cu3Oq,,
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On the basis of negative transport coefficients, it has been argued that the quantum oscillations observed in
underdoped YBa,Cu;0g,, in high magnetic fields must be due to antinodal electron pockets. We point out a
counterexample in which electronlike transport in a hole-doped cuprate is associated with Fermi-arc states. We
also present evidence that the antinodal gap in YBa,Cu30g 47 is robust to modest applied magnetic fields. We
suggest that these observations should be taken into account when interpreting the results of the quantum

oscillation experiments.
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The recent observations of quantum oscillations in under-
doped YBa,Cu;30q,, (Refs. 1-4) and YBa,Cu,Og (Refs. 5
and 6) have generated considerable interest. The oscillations
have been seen in the longitudinal and Hall resistivities,!>¢
as well as the magnetization,> as a function of magnetic
field at very low temperature. While the Hall resistivity is
positive in the normal state, it is negative when the oscilla-
tions are observed. The consensus interpretation is that the
experiments imply the presence of electronlike pockets at the
Fermi surface, under the experimental conditions of high
magnetic field (=40 T) and low temperature (T<<5 K). The
evidence for small electron pockets came as a considerable
surprise as angle-resolved photoemission spectroscopy
(ARPES) studies in the normal state of underdoped cuprates
show no evidence for such pockets. Instead, one generally
observes a gapless Fermi arc and a large pseudogap in the
“antinodal” region of reciprocal space.”!” The common the-
oretical approach to this problem has been to invoke some
sort of competing density-wave order that causes a recon-
struction of the Fermi surface, leading to small electron
pockets in the “antinodal” region of reciprocal space.!''~20
However, this leaves us with a new problem: how does one
reconcile antinodal pockets with the large pseudogap ob-
served in the zero-field normal state? This conundrum has
motivated further theoretical work.!”-?!

The purpose of this Rapid Communication is to present
two phenomenological observations that bear on the interpre-
tation of the quantum oscillation experiments. The first has to
do with interpretation of the Fermi-surface pockets as being
electronlike: in the one known case of a hole-doped cuprate
where a crossover to electronlike transport is observed in
zero magnetic field (thus enabling ARPES measurements),
the behavior appears to be associated with the Fermi-arc
states. The second observation has to do with the likelihood
of antinodal Fermi-surface pockets: optical conductivity
measurements on YBa,Cu;Og,, indicate that the antinodal
gap is fairly robust in a magnetic field. These results suggest
that a reconsideration of the theoretical interpretation of the
quantum oscillation experiments may be in order.

The case of electronlike transport occurs in
La, g;5Bag sCuO, (and also’*? in rare-earth-doped
La,_,Sr,CuO, with x~%). Figure 1(a) shows the in-plane
thermoelectric power, S,;,, taken from Ref. 22. While S,;, has
a substantial positive value above 54 K, it drops rapidly be-
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low that temperature, becoming negative below 45 K. Below
40 K, the thermopower approaches zero due to supercon-
ducting correlations; when the superconductivity is sup-
pressed with a magnetic field, the thermopower remains
negative. The sign of the thermopower, like the sign of the
Hall coefficient, is generally interpreted (in a one band
model) as the sign of the carriers. Based on such an interpre-
tation, we appear to have electronlike carriers for 7<45 K.

For comparison, Fig. 1(b) shows the temperature depen-
dence of the energy gap measured at several points on the
nominal Fermi surface in La, g7sBag ,5CuO, by He et al.?
For T=40 K, including the region where S,, <0, there is a
gapless Fermi arc. Below 40 K, where S,,=~0, there is a
d-wave-like gap on the Fermi arc. We conclude that the
negative thermopower must be associated with the Fermi-arc
states. Note that the antinodal states remain gapped through-
out this temperature range.

In a recent study, Chang et al.*> showed that the tempera-
ture dependence of the thermopower in YBa,Cu;0g¢ ¢7, mea-
sured in a high magnetic field, is very similar to that found in
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FIG. 1. (Color online) Collected results for La; g7sBag 1o5CuOy:
(a) in-plane thermopower, Sy, from Ref. 22. (b) Gap in the elec-
tronic spectral function at several k points, indicated in the inset,
from the ARPES study of He et al. (Ref. 23).
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FIG. 2. (Color online) The interlayer c-axis conductivity for
YBa,Cus04 47 at 8 K in zero magnetic field and at 8 T using results
from Ref. 29. Inset: the magnetic field dependence of the superfluid
density p,(H). Dashed (gray) line, main panel: a hypothetical result
assuming that the oscillator strength corresponding to py(07)
—p,(87) is transferred to a coherent c-axis response (Drude peak),
with scattering rate 1/7=50 cm™.

La; g75Bay 155CuQ,. In particular, it goes negative for T
=50 K, and a field of 8 T is sufficient to access this negative
thermopower state down to ~30 K. (For a similar
temperature-dependent sign change in the Hall coefficient,
see Fig. S1b in the supplementary material to Ref. 2.) It
would be very surprising if the physics behind the negative
thermopower in these different systems were not the same.
(We note that a recent paper® reports quantum oscillations in
YBa,Cu;0q,, with x as large as 0.69.)

It is also of interest to consider probes that are directly
sensitive to the development of coherent antinodal pockets
induced by magnetic field at low temperature. One such
probe is optical conductivity measured with the polarization
of the light along the ¢ axis. The antinodal states are crucial
to conduction between the planes,?’ and c-axis optical con-
ductivity measurements on underdoped YBa,Cu;Og,, pro-
vided one of the first sightings of the electronic pseudogap.

For the real part of the c-axis conductivity, oy (w), the
pseudogap shows up in the normal state as a strong suppres-
sion of the low-frequency electronic conductivity as the tem-
perature is reduced toward the superconducting transition
temperature, T,.. For YBa,Cu;O4¢; (T.=60 K), recent
measurements®” show that the low-frequency limit of o . is
approximately 25 Q™' cm™ at room temperature; in con-
trast, the value at T, is already very close to that at T<T,,
where it reaches 10 Q' cm™!. If a strong magnetic field
suppressed the pseudogap, or induced coherent states at the
Fermi level, we would expect to see an increase in the low-
frequency conductivity.

The impact of c-axis magnetic fields (up to 8 T) on
o) (o) for YBa,Cu3Og 47 has recently been reported.?*>? In
Fig. 2, we show the low-temperature results (7=8 K) on
log-log scales to emphasize the low-frequency and low-
conductivity regimes. Application of a magnetic field of 8 T
causes remarkably little change in o .(w), even though this
field is sufficient to reduce the superfluid density by 50%
(see inset of Fig. 2). If the electron density removed from the
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superfluid were transferred to coherent antinodal quasiparti-
cles, then we would expect to regain a substantial fraction of
the low-frequency conductivity found at room temperature.
An estimate of that response is indicated by the dashed line
in Fig. 2. In actuality, the spectral weight removed from the
condensate in finite fields is transferred to frequencies above
1000 cm™ (i.e., =100 meV), which is above the pseudogap
energy.”’ The absence of any significant field-induced spec-
tral weight at low frequencies indicates that the antinodal gap
is rather robust.

The maximum field used in the optical conductivity ex-
periment is certainly much less than the threshold field for
observing quantum oscillations (~30 T). Nevertheless, as
already pointed out, Chang et al* showed for this
composition’! that 8 T is sufficient to access the phase with
electronlike transport at higher temperatures. At 8 K, where
the optical measurements were done, we expect that the
“normal” state associated with the magnetic vortex cores cor-
responds to this same phase with electronlike transport. The
absence of any field-induced Drude component in o (w)
suggests to us that there is no coherent single-particle weight
at the Fermi level in the antinodal region. Note that this
argument is independent of whether or not there is any com-
peting order present. If there are no quasiparticles at the
Fermi level in the antinodal region, then it does not matter
whether there might be nominal pockets in that region due to
Fermi-surface reconstruction. One possibility that we cannot
rule out is that the quasiparticle weight is finite but incred-
ibly small at 8 T. In that case, the weight would certainly be
larger at the much higher fields of the quantum oscillation
regime. Further analysis and discussion of this problem are
presented in Ref. 32.

To summarize, we have made two phenomenological ob-
servations that are relevant to the interpretation of quantum
oscillation experiments on underdoped cuprate supercon-
ductors. In the first case, we have pointed out an example in
which electronlike transport behavior is associated with
Fermi-arc states. While we cannot explain why this occurs,
we believe that the experimental facts are solid. In the sec-
ond case, we have shown that c-axis optical conductivity
measurements provide direct evidence that moderate mag-
netic fields have negligible impact on the antinodal
pseudogap. We suggest that these are good reasons to ques-
tion common assumptions and to reconsider the theoretical
interpretation that the quantum oscillation experiments must
be due to antinodal electron pockets.

Recently, Pereg-Barnea et al.>3 have proposed that quan-
tum oscillations could result from Fermi arcs combined with
antinodal pairing gaps. Those authors did not consider the
effective sign of the charge carriers. Combining their idea
with our phenomenological observation of electronlike re-
sponse associated with Fermi-arc states in the stripe-ordered
phase provides a possible alternative to the antinodal pocket
scenario for interpreting quantum oscillation experiments.

We are grateful to S. A. Kivelson, C. Panagopoulos, and
0. Vafek for helpful discussions. Work at Brookhaven was
supported by the Office of Science, U.S. Department of En-
ergy under Contract No. DE-AC02-98CH10886. Work at
UCSD is supported by NSF Contract No. DMR 0705171.

060506-2



INTERPRETING QUANTUM OSCILLATION EXPERIMENTS...

IN. Doiron-Leyraud, C. Proust, D. LeBoeuf, J. Levallois, J.-B.
Bonnemaison, R. Liang, D. A. Bonn, W. N. Hardy, and L.
Taillefer, Nature (London) 447, 565 (2007).

2D. LeBoeuf, N. Doiron-Leyraud, J. Levallois, R. Daou, J.-B.
Bonnemaison, N. E. Hussey, L. Balicas, B. J. Ramshaw, R. Li-
ang, D. A. Bonn, W. N. Hardy, S. Adachi, C. Proust, and L.
Taillefer, Nature (London) 450, 533 (2007).

3S. E. Sebastian, N. Harrison, E. Palm, T. P. Murphy, C. H.
Mielke, R. Liang, D. A. Bonn, W. N. Hardy, and G. G. Lonzar-
ich, Nature (London) 454, 200 (2008).

4C. Jaudet, D. Vignolles, A. Audouard, J. Levallois, D. LeBoeuf,
N. Doiron-Leyraud, B. Vignolle, M. Nardone, A. Zitouni, R.
Liang, D. A. Bonn, W. N. Hardy, L. Taillefer, and C. Proust,
Phys. Rev. Lett. 100, 187005 (2008).

SE. A. Yelland, J. Singleton, C. H. Mielke, N. Harrison, F. F.
Balakirev, B. Dabrowski, and J. R. Cooper, Phys. Rev. Lett.
100, 047003 (2008).

®A. F. Bangura, J. D. Fletcher, A. Carrington, J. Levallois, M.
Nardone, B. Vignolle, P. J. Heard, N. Doiron-Leyraud, D. LeB-
oeuf, L. Taillefer, S. Adachi, C. Proust, and N. E. Hussey, Phys.
Rev. Lett. 100, 047004 (2008).

7A. Damascelli, Z.-X. Shen, and Z. Hussain, Rev. Mod. Phys. 75,
473 (2003).

8M. R. Norman, D. Pines, and C. Kallin, Adv. Phys. 54, 715
(2005).

9M. A. Hossain, J. D. F. Mottershead, D. Fournier, A. Bostwick,
J. L. McChesney, E. Rotenberg, R. Liang, W. N. Hardy, G. A.
Sawatzky, I. S. Elfimov, D. A. Bonn, and A. Damascelli, Nat.
Phys. 4, 527 (2008).

10K, Nakayama, T. Sato, K. Terashima, T. Arakane, T. Takahashi,
M. Kubota, K. Ono, T. Nishizaki, Y. Takahashi, and N. Koba-
yashi, Phys. Rev. B 79, 140503(R) (2009).

ITA. J. Millis and M. R. Norman, Phys. Rev. B 76, 220503(R)
(2007).

I2N. Harrison, R. D. McDonald, and J. Singleton, Phys. Rev. Lett.
99, 206406 (2007).

13S. Chakravarty, Science 319, 735 (2008).

148, Chakravarty and H.-Y. Kee, Proc. Natl. Acad. Sci. U.S.A.
105, 8835 (2008).

I5E. Kuchinskii and M. Sadovskii, JETP Lett. 88, 192 (2008).

16K -T. Chen and P. A. Lee, Phys. Rev. B 79, 180510(R) (2009).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 060506(R) (2010)

7T. Senthil and P. A. Lee, Phys. Rev. B 79, 245116 (2009).

I8L. Taillefer, J. Phys.: Condens. Matter 21, 164212 (2009).

191 Dimov, P. Goswami, X. Jia, and S. Chakravarty, Phys. Rev. B
78, 134529 (2008).

20D, Podolsky and H.-Y. Kee, Phys. Rev. B 78, 224516 (2008).

21X, Jia, P. Goswami, and S. Chakravarty, Phys. Rev. B 80,
134503 (2009).

22Q. Li, M. Hiicker, G. D. Gu, A. M. Tsvelik, and J. M. Tranquada,
Phys. Rev. Lett. 99, 067001 (2007).

23R.-H. He, K. Tanaka, S.-K. Mo, T. Sasagawa, M. Fujita, T. Ada-
chi, N. Mannella, K. Yamada, Y. Koike, Z. Hussain, and Z.-X.
Shen, Nat. Phys. 5, 119 (2009).

24M. Hiicker, V. Kataev, J. Pommer, O. Baberski, W. Schablitz,
and B. Biichner, J. Phys. Chem. Solids 59, 1821 (1998).

257, Chang, R. Daou, C. Proust, D. LeBoeuf, N. Doiron-Leyraud,
F. Laliberte, B. Pingault, B. Ramshaw, R. Liang, D. Bonn, W.
Hardy, H. Takagi, A. Antunes, I. Sheikin, K. Behnia, and L.
Taillefer, Phys. Rev. Lett. 104, 057005 (2010).

26J. Singleton, C. de la Cruz, R. McDonald, S. Li, M. Altarawneh,
P. Goddard, I. Franke, D. Rickel, C. Mielke, X. Yao, and P. Dai,
arXiv:0911.2745 (unpublished).

278, Chakravarty, A. Sudbo, P. W. Anderson, and S. Strong, Sci-
ence 261, 337 (1993).

2C. C. Homes, T. Timusk, R. Liang, D. A. Bonn, and W. N.
Hardy, Phys. Rev. Lett. 71, 1645 (1993).

P A. D. LaForge, W. I. Padilla, K. S. Burch, Z. Q. Li, A. A.
Schafgans, K. Segawa, Y. Ando, and D. N. Basov, Phys. Rev.
Lett. 101, 097008 (2008).

30A. D. LaForge, W. J. Padilla, K. S. Burch, Z. Q. Li, A. A.
Schafgans, K. Segawa, Y. Ando, and D. N. Basov, Phys. Rev. B
79, 104516 (2009).

31 According to the supplementary material to Ref. 2, the sample of
YBa,Cu30g,, with hole concentration p=0.12 studied there and
by Chang et al. in Ref. 25 corresponds to x=0.67. Thus, it is
nominally identical to the sample used for the optical conduc-
tivity measurement.

32A.D. LaForge, A. A. Schafgans, S. V. Dordevic, W. J. Padilla,
K. S. Burch, Z. Q. Li, K. Segawa, S. Komiya, Y. Ando, J. M.
Tranquada, and D. N. Basov, Phys. Rev. B 81, 064510 (2010).

3T. Pereg-Barnea, H. Weber, G. Refael, and M. Franz, Nat. Phys.
6, 44 (2010).

060506-3



