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Shubnikov-de Haas quantum oscillations reveal a reconstructed Fermi surface near optimal doping
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We study magnetotransport properties of the electron-doped superconductor Pr,_,Ce,CuOy445 with x = 0.14
in magnetic fields up to 92 T, and observe Shubnikov-de Haas magnetic quantum oscillations. The oscillations
display a single frequency F = 255 + 10 T, indicating a small Fermi pocket that is ~1% of the two-dimensional
Brillouin zone and consistent with a Fermi surface reconstructed from the large holelike cylinder predicted for

these layered materials. Despite the low nominal doping, all electronic properties including the effective mass
and Hall effect are consistent with overdoped compounds. Our study demonstrates that the exceptional chemical
control afforded by high quality thin films will enable Fermi surface studies deep into the overdoped cuprate

phase diagram.
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Understanding the ordering phenomena that compete or
coexist with superconductivity in the cuprate superconductors
remains an outstanding challenge. Central to this effort is iden-
tification of Fermi surface (FS) topology and evolution with
doping via studies of magnetic quantum oscillations (QO),
led by initial observation of QO in hole-doped YBa,Cu30g s
[1,2]. In hole-doped cuprates, QO studies have shown (1)
a large cylindrical holelike FS consistent with band theory
in overdoped Tl,Ba,CuQOg.s [3], (2) FS reconstruction and
a complex topology in underdoped YBa,Cu3Og¢s [4], and
(3) strong enhancements in the quasiparticle effective mass
[5]; see Refs. [6,7] for further reviews. These observations
have been interpreted as evidence for competing electronic
ordered phases and the influence of quantum critical fluc-
tuations, crossing over to Fermiology consistent with the
band-theory picture. Comparable experimental studies of
electron-doped cuprates are limited, and precise description
of their FS remains an outstanding challenge. Here we report
on the FS topology and effective mass in the electron-doped
cuprate Pry_,Ce,CuOy+s (PCCO) with x = 0.14. We observe
Shubnikov-de Haas QO in a PCCO thin film measured in
extreme magnetic fields up to 92 T, where magnetotransport
data (Fig. 1) show evidence for a small (255 T) FS pocket,
a light quasiparticle effect mass m/m, = 0.43, and direct
determination of the orbitally averaged Fermi velocity vy =
2.4 x 10° m/s.

Electron-doped cuprates R;_,Ce,CuQO41s (with R = La,
Nd, Pr,...) have a square planar 7’ structure with two CuO,
layers within the body-centered tetragonal unit cell. Band
structure calculations predict a large, holelike FS cylinder
centered at (r,m) arising from the CuO, planes [8]. (See
Ref. [9] for a recent review.) This cylinder (discussed be-
low) should contain n = 1 — x carriers assuming the elec-
tron dopant concentration is equal to the Ce content x in
Pr;_,Ce,CuOy4ys. Photoemission (ARPES) experiments are
consistent with a large FS in overdoped n-doped materials
[10-12], and show evidence for both electron- and holelike
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pockets as x decreases below ~0.16. However, many issues
remain unresolved, including the structure of the FS and nature
of its reconstruction and evolution with doping, reconciling
quantum oscillation measurements with the observation of
Fermi arcs [13,14] in the pseudogap phase, and identifying the
true nature of the competing ground state (whether arising from
observed magnetic [15,16] charge [17], or predicted d-density
wave (DDW) [18] order). QO have only been observed in
a restricted doping range (x = 0.15-0.17) in n-doped bulk
crystals of Nd,_,Ce,CuO4 (NCCO) [19-21], and found to
be consistent with a theoretical picture of DDW-like order
[22,23]. Resolving QO in Ce-doped PCCO thin films opens
an exciting avenue for continuously studying FS evolution,
in particular because thin films allow doping levels beyond
the x = 0.17 solubility limit of conventional bulk synthesis
techniques.

We study a superconducting PCCO film (thickness 100 nm)
that was grown using molecular beam epitaxy and charac-
terized as described in detail elsewhere [24]. Cerium content
x = 0.14is controlled to within 1% via an in situ quartz-crystal
thickness monitor and ICP spectroscopy. Hall-bar devices with
active area 200 x 350 um? were defined using conventional
photolithography techniques, as shown in the inset of Fig. 1.
We measured in-plane resistivity p,, and Hall effect p,, using
standard four-point lock-in configurations in dc magnetic fields
(to 12 T); applied fields were parallel to the crystallographic
¢ axis. Figure 2 shows the temperature dependent resistivity
Pxx, Hall coefficient Ry = p,,/B, and mobility p for this
Pr; 36Ce.14CuO4+5 film; while p,,(B) is linear in this field
range, high field measurements have shown nonlinearity and
evidence for multiband behavior [25]. Film parameters are
summarized in Table I below. The film shows a sharp super-
conducting transition with 7, = 22 K and a zero-temperature
upper critical field H., =5 T. The residual resistance ratio
is defined as p(300 K)/p(30 K) = 10.2, while the residual
resistivity is &15 w2 cm. The carrier mobility estimated both
from the Hall effect in a single-band picture uy = Ry /pxx,
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FIG. 1. Low-temperature magnetoresistance of a superconduct-
ing Pr,_,Ce,CuQO,y;s thin film (pictured) measured to 92 T at
temperatures between 2 and 30 K. Inset (right scale): Sample
magnetoresistance with a smooth background subtracted, showing
magnetic oscillations that are suppressed with increasing temperature.

and parabolic component of the magnetoresistance [AR/R ~
(umr B)?1,is 20.01 m?/V s; this is in good agreement with the
mobility extracted from QO analyses (see below) and indicates
that the strong-field limit of w.7 ~ 1 can be accessed in applied
fields ~100 T. (Here w, = eB/m™ is the cyclotron frequency,
and 7 the quasiparticle lifetime.)

We measured the high-field magnetoresistance in pulsed
magnetic fields to over 92 T at the NHMFL Pulsed Field
Facility. Measurements were carried out with the sample in
He-4 and He-3 liquid (24 K) or gas (5-30 K), and care
was taken to minimize heating effects during field pulses.

150
(d) ]
15

-
o
o

a
o

R, (10°Qm/T) P, (n2cm)

0
1.0
05F é
Z00L =
0.02/5=51 a

IJ'MR

Mobility p (T™)
o
=

o
o

1,

Ol\\\\\\ saa b b baaay
0 50 100 150 200 250 0 2 4 6 8 10 12
Temperature (K)

FIG. 2. Resistivity and magnetotransport in a x =0.14
Pr,_,Ce,CuQOyys thin film. (a) p-T curve; the sample shows a
superconducting transition at 7, = 22 K and a residual resistivity
ratio = p(300 K)/p(30 K) = 10.2. (b) Hall coefficient Ry = py./B
as a function of temperature. (c) Hall (1 g ), magnetoresistance (tyr),
and Dingle (up) mobilities calculated as described in the text.
(d) p(B) magnetoresistance traces measured in dc fields at tempera-
tures between 1.8 and 30 K.
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TABLE 1. Properties of the Pr,_,Ce,CuO44; film studied in this
work, obtained by resistivity, Hall effect, and magnetoresistance (MR)
measurements and analyses of magnetic quantum oscillations (lower
entries).

Quantity Parameter Value Unit
Ce content X 0.14 -
Residual resistance ratio RRR 10.2 -
Normal state resistivity (2 K) Prx 15 uS2 cm
Transition temperature T, 22 K
Hall coefficient (2 K) Ry 0.9 107° Qm/T
Mobility from

- Hall effect (2 K) LH 0.0059 T!

- Magnetoresistance (<50 K) JAMR 0.013 T-!

- Dingle formula (2 K) “p 0.014 T!
Dingle temperature (2 K) Tp 44 K
QO frequency F 255+ 10 T
QO effective mass m* 0.43 +£0.05 m,
Fermi velocity U 2.9 10° m/s

The data reported here are from the rising field portion of
the pulsed measurements; some hysteresis was observed and
is reflected in the quoted uncertainties, but the QO analyses
are consistent between rising and falling field sweeps. Figure 1
shows the central result of this work: Prj gsCeo 14CuQOy4s film
magnetoresistance as a function of applied magnetic fields to
above 92 T, at temperatures between 2 and 30 K. In sufficiently
strong magnetic fields, the separation between quasiparticle
Landau levels can be greater than their lifetime 7 and thermal
broadening. With changing field, the resulting oscillations of
the density of states lead to Shubnikov-de Haas oscillations in
the conductivity, visible in the magnetoresistance data after a
smooth background has been subtracted (Fig. 1, inset) with an
amplitude that increases with increasing field and decreasing
temperature. The existence and analysis of these QO allow for
direct observation and study of FS properties.

To analyze the QO visible in the low-temperature magne-
toresistance, we fit to and divide by third-order polynomial
background p(B) = ppkedl1 +fqo(B)] to reveal oscillations
periodic in inverse field shown in the main panel of Fig. 3. The
oscillation frequency F = 255 &+ 10 T is consistent with both
Landau level indexing and by computing fast Fourier transform
(FFT) spectra for all temperatures (also plotted in Fig. 3).
The frequency F = (%)A F is determined by the extremal
FS cross sectional area Ap perpendicular to applied field;
here Ar =2.4 x 10" m™2 or 1.0 % of the two-dimensional
(2D) Brillouin zone area. In contrast, a band-filling picture
using the nominal Ce concentration x predicts a carrier
concentration p =1 — x & 0.86 holes per Cu, or 43% of
the 2D Brillouin zone. At 2 K Ry =0.9 x 107° Qm/T;
assuming a single parabolic band yields a carrier density
per CuO, layer of nyp =4.2 x 10'"® m~2 or 0.66 carriers
per Cu. As has been seen for near-optimal doping in both
PCCO thin films [25-27] and bulk crystals of Nd,_, Ce, CuQOy4
[21], Ry changes sign with temperature, consistent with a
multiband FS and possible onset of competing order. (As Ry
also changes sign with x near optimal doping, the simplistic
analysis of the Hall effect discussed here will necessarily be
incomplete.) Assuming a quasi-2D FS cylinder with parabolic
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FIG. 3. (a) After subtracting a polynomial background, magnetic
quantum oscillations periodic in inverse field are visible below
0.02 T~!, with period 1/255 T~!. (Curves have been vertically offset
for clarity.) (b) Location of maxima (up triangles) and minima (down
triangles) of the QO traces versus inverse field. (c) FFTs of the QO
data, showing a single peak near 250 T.

dispersion, the Fermi energy can be directly calculated from F
yielding Er = 24 meV, ~280 K. Finally, following a model
for reconstruction of the large holelike FS with a (w,m)
ordering wave vector [19], we estimate an energy gap A ~
30 meV.

Assuming a circular orbit (Ap = nk%) the orbitally aver-
aged Fermi velocity vy = hkp/m* = 2.4 x 10° m/s. Though
vp is somewhat below that determined by ARPES measure-
ments of Nd,_,Ce,CuO, 4.3 x 10° m/s [28], it is several
times larger than that reported recently in the hole-doped
cuprate materials Bi,Sr,CaCu,;0g,5 and YBa,Cu3;Ogs near
optimal doping (7.7-8.4 x 10* m/s) [29,30]. Interestingly,
vr is within 10% of the speculative “universal” nodal value
[31] observed in ARPES measurements in many hole-doped
cuprate materials across a wide range of doping levels, hinting
that these QOs originate from a nodal (holelike) FS pocket.

The QO evolution with temperature and field are in
excellent agreement with fits to the lowest-order Lifshits-
Kosevich [32] expression for relative change in conductivity
Joo(B) ~ Ao /oy as a function of temperature 7" and field B:

fQo(B) = RDRT COS(QJTF/B), (1)

where Rp =exp(—n/w.Tp), w.=eB/m* is the cy-
clotron frequency, tp is the Dingle lifetime, and Ry =
(2n2kgT /hw.)/ sinh (27 %k T/ haw, ). We fit the entire data set
using a single frequency F' = 255 T and lifetime tp, plotted
as the continuous curves in Fig. 3(a).

The large Dingle temperature (Tp = h/2mkgtp ~ 44 K)
and short quasiparticle lifetime 7, = 2.8 x 107'* s indicate
that QO will only be visible on small FS pockets. The 255 T
pocket cyclotron orbit size £, = 2kp/heB is 12 nm at 100 T,
while the mean free path ¢, = (tph/m*)/Ar/m is 8.2 nm.
The cyclotron orbit size for an ~11 kT orbit, corresponding
to either the low-temperature Hall effect in this PCCO film
(see discussion below) or the large pockets predicted by band
theory [8,19] would be a factor of 6-7 larger and not resolvable
at 100 T in this film.
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FIG. 4. Decay of the quantum oscillation amplitude as a function
of temperature, evaluated both using the FFT amplitude (circles) and
resistance at fixed fields AR(T) (triangles); together they indicate
a quasiparticle effective mass m* = 0.43 4= 0.05m, (continuous and
dashed lines).

At fixed magnetic field the decrease in QO oscillation
amplitude with increasing temperature is a direct measure of
the quasiparticle effective mass m*, a quantity that can be
enhanced in proximity to a quantum critical point [5]. The
QO amplitude is plotted versus temperature in Fig. 4, along
with a fit yielding m* = 0.43 & 0.05m, consistent with both
FFT spectrum amplitudes (red data) and analyses at fixed
magnetic field (black data); also shown are 1o error bars
to the best fit (dashed lines). Here F is comparable to that
observed in NCCO with x = 0.17 (Fncco & 250 T) in studies
of bulk crystals [21] that show evidence for a quantum critical
point at a doping x = 0.145. Ry is comparable to that seen
in x =0.17 PCCO films (~0.8 x 10~° © m/T) grown and
oxygen reduced using other techniques [25,33]. Differences
in m* and T, that separate this film and PCCO and NCCO
materials near x = 0.17 will require further systematic study;
given the typical decrease in charge carrier mobility with
increasing x, we propose that films with fixed Ce concentration
may, via suitable oxygen annealing, be used to continuously
study the FS evolution towards overdoping. QCPs have been
reported in PCCO near x = 0.165 near the region of AFM and
SC coexistence between x = 0.12 and x = 0.15 [26,27,34],
as well as in La,_,Ce,CuO, through analysis of scaling
phenomena [35,36], and it is likely that variation in nominal Ce
concentration associated with this point in the phase diagram
derives from differences in the synthesis and oxygen reduction
processes.

The nature of the electronic order driving the reconstructed
FS observed here remains to be settled. A comparison of
prevailing FS schematics is shown in Fig. 5, including the
large holelike cylinder centered at (r,7) at left, and the
reconstructed FS consistent with photoemission measurements
and displaying two holelike (red) and one electronlike (blue)
pocket around the reduced (antiferromagnetic) Brillouin zone
(dashed lines). As in NCCO [19], the QO frequency seen here
is consistent with the hole pockets of the reconstructed FS, and
not from the much larger electron pockets at (;r, 0) (middle of
Fig. 5). The absence of oscillations from the electron pockets
remains a puzzle, especially in NCCO where a breakdown
orbit along the full reconstructed FS is reported. The size of
the observed pocket seen in these measurements is shown at
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FIG. 5. Schematic holelike PCCO Fermi surface according to
band theory for x = 0.14 (left), reconstruction picture at and below
optimal doping (center), and the 2D FS areas (right) shown by
magnetic quantum oscillation (Ar) and estimated using Hall effect
measurements (Ap,y) as discussed in the text.
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right in Fig. 5 (small region), to scale with the FS schematics.
Also shown is an estimated FS area using the 2 K Hall effect
and assuming Luttinger’s theorem (large region). While the
Hall effect is likely to be more complex in the presence of
multiple bands within a reconstructed FS, ongoing studies
of PCCO [26,27,37] and hole-doped cuprates [38] suggest a
direct link between the evolution of Ry and the FS.

The small FS pocket indicating a reconstruction in PCCO
similar to that seen in NCCO, coupled with similar obser-
vations of Ce-free Pr,CuOy films [39], suggest that small
F ~250-350 T FS pockets are a universal feature of super-
conducting “electron-doped” materials. We cannot rule out the
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possibility of a field-induced FS reconstruction beginning at
or below ~50 T; although convincing evidence now exists
for field-induced FS reconstruction arising from charge order
in the hole-doped cuprates [40—42], the situation in the
electron-doped materials [17] remains less clear. The presence
of a carrier density consistent with an unreconstructed FS
pocket, along with a small pocket showing evidence for a
reconstructed and multicomponent FS, suggests that continued
improvement in thin film materials quality may connect to the
overdoped, Fermi-liquid region of the phase diagram and pro-
vide direct insight into the fate of the electron ground state with
doping.
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