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We use neutron scattering to demonstrate that electron-doped superconducting Pr0.88LaCe0.12CuO4−d in the
underdoped regime is electronically phase separated in the ground state, showing the coexistence of a super-
conducting phase with a three-dimensional antiferromagnetically ordered phase and a quasi-two-dimensional
spin-density wave modulation. The Néel temperature of both antiferromagnetic phases decreases linearly with
increasing superconducting transition temperaturesTcd and vanishes when optimal superconductivity is
achieved. These results indicate that the electron-doped copper oxides are close to a quantum critical point,
where the delicate energetic balance between different competing states leads to microscopic heterogeneity.
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One of the most important unresolved problems in high-
transition temperatureshigh-Tcd superconductors is the deter-
mination of the microscopic state when charge carriers, ei-
ther holes or electrons, are introduced to the CuO2 planes of
their insulating long-range antiferromagnetically ordered
parent compounds.1 One school of thought suggests that the
doped charge carriers segregate into inhomogeneous pat-
terns, such as stripes, to allow the antiferromagneticsAFd
regions to survive.2 In this picture, the observed quasi-two-
dimensional s2Dd incommensurate spin-density wave
sSDWd in hole-doped high-Tc superconductors, such as
La2−xSrxCuO4 sRef. 3d and La2CuO4+d sRef. 4d, is due to
remnants of the AF insulating phase that compete with su-
perconductivitysSCd.5,6 Alternatively, carrier doping into the
CuO2 planes may evolve the system through a quantum
phase transitionsQPTd between competing ordered and dis-
ordered phases.7 While much is unknown about these com-
peting phases and their relationship to SC, the presence of
such a QPT has been reported in both hole-doped8–11 and
electron-doped12 materials.

In this paper, we use neutron scattering to demonstrate
that the AF to SC transition in electron-doped
Pr0.88LaCe0.12CuO4−d sPLCCOd is close to a QPTsRef. 13d
and the proximity to such a QPT leads to an inhomogeneous
electronic state due to competing order parameters.14 Specifi-
cally, we find that when SC first appears in PLCCO with
increasing doping, a quasi-2D commensurate SDW modula-
tion is also induced, and both coexist with the three-
dimensionals3Dd AF state. The Néel temperaturesTNd of
both the 2D and 3D AF phases decreases linearly with in-
creasingTc and vanishes when optimal SC is achievedfFig.
1sfdg. Combined with earlier reports,3–6,15–17 our discovery
establishes that the quasi-2D SDW modulation and its asso-
ciated electronic inhomogeneity are general features of
charge-carrier-doped copper oxides. Such microscopic het-
erogeneity naturally results from the competition of different
order parameters near a QPT.

Traditionally, the transition from AF to SC in copper ox-

ides is achieved by chemical doping, which also introduces
additional complications such as structural and/or chemical
disorder that may mask the nature of the transition.13 We
choose to study this transition in electron-doped PLCCO be-
cause, as grown, these materials are nonsuperconducting
sNSCd AF insulators and SC can be achieved by only anneal-
ing the samples with minor oxygen modification that
changes the charge-carrier density.18,19While recent neutron-
scattering experiments on superconducting Nd1.85Ce0.15CuO4
sNCCOd show a drastic suppression of the static 3D AF or-
der, how SC is established is unknown in part because the
magnetic nature of the Nd3+ in NCCO complicates the inter-
pretation of the data.20 A systematic investigation on single
crystals of PLCCO, where the Pr3+ has a nonmagnetic singlet
ground state,16,17,21should shed light on our understanding of
the transition from the AF to SC.

We grew single crystals of PLCCOsmosaicity,1°, cy-
lindrical rods f53 ,20 mmd using the traveling solvent
floating zone technique.22 As grown, the PLCCO crystals are
not superconducting and exhibit the noncollinear AF struc-
ture of undoped Pr2CuO4 fFig. 1sadg due to the weak pseudo-
dipolar exchange interaction between Cu and PrsRefs.
23–25d. By annealing the samples at different temperatures
in pure Ar, we obtain bulk superconducting PLCCO with
differentTc’s and therefore control the transition from the AF
state to the superconducting statesRef. 18d. Magnetic-
susceptibility measurements on our PLCCO crystals show
the onset of bulk SC, which corresponds to zero resistivity, at
Tc=24, 21, and 16 K, respectivelyfFig. 1scdg.

We used elastic neutron scattering to probe AF order and
label the momentum transferQ=sqx,qy,qzd as sH ,K ,Ld
=sqxa/2p ,qya/2p ,qzc/2pd in the reciprocal lattice units
srlud appropriate for the tetragonal unit cell of PLCCOsspace
groupI4/mmm, a=3.98, andc=12.27 Åd. Experiments were
performed infH ,K ,0g and fH ,H ,Lg zones using triple-axis
spectroscopy. In the latter geometry we also probed the 2D
magnetic scattering using a two-axis energy-integration
mode.26
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The magnetic Bragg peaks can be used to determine the
size and temperature dependence of the ordered Cusand Pr,
if they are significantd moments, and Fig. 2 summarizes the
experiments in thefH ,K ,0g plane for the four samples in-
vestigated. Because of thec-axis spin-spin coupling, the
magnetic scattering of the noncollinear AF structurefFig.
1sadg is nonzero ats0.5,1.5,0d, but vanishes ats0.5,0.5,0d
fFig. 1sbdg sRefs. 23–25d. The annealing process necessary
for producing SC also induces a smalls,0.9%d epitaxial
secondary impurity phase, cubicsNd,Ced2O3 in the case of
Nd2−xCexCuO4 sRefs. 19 and 27d and sPr,La,Ced2O3 for
PLCCO sRef. 28d, which has Bragg peaks ats0.5,0.5,0d and
s0.5,1.5,0d. For the optimally dopedsTc=24 Kd sample, nei-

ther peak shows any temperature dependence, suggesting no
magnetic component. Scans alongs0.5,0.5,Ld through L
=1,3 where magnetic peaks are expected, also found no evi-
dence of static AF orderfFigs. 3sad and 3sbdg, consistent with
the phase diagram of Pr1−xLaCexCuO4−d sRef. 18d.

For the underdoped superconducting samples, on cooling
to 5 K the intensity increases for thes0.5,1.5,0d magnetic
Bragg peakfFigs. 2sfd and 2sgdg as expected. Assuming that
the residual AF structure in superconducting PLCCO is iden-
tical to that of the as-grown PLCCO, we estimate that the
effective static low-temperature Cu ordered momentsMcud
reduces from 0.06 to 0.04mB swith no appreciable induced
Pr momentd when Tc increases from 16 to 21 KfFigs. 3sdd
and 3sfdg. Concomitantly,TN of the system decreases from
60 K fFig. 3sfdg to 40 K fFig. 3sddg. For comparison, we cut
a piece off theTc=16-K crystal and quenched SC by anneal-
ing it in air at 900 °C for 24 hfFig. 1scdg. In this NSC
PLCCO sample, theTN becomes 186 K andMcu is 0.12mB
at 97 K fFig. 3sgdg.

In the underdoped samples, we also observed magnetic
intensity at thes0.5,0.5,0d peak fFigs. 2sbd and 2scdg. The
temperature dependence of the scattering ats0.5,0.5,0d and
s0.5,1.5,0d for the Tc=21- and 16-K crystals is quite similar

FIG. 1. Spin structure models, magnetic susceptibilities, and
summary of results in the neutron experiments. For magnetic sus-
ceptibility, we used a 7-T SQUID magnetometer. Our neutron-
scattering experiments were performed on HB-1, HB-1A, and HB-3
triple-axis spectrometers at the High-Flux Isotope ReactorsHFIRd,
Oak Ridge National Laboratory. Typical collimations were, pro-
ceeding from the reactor to the detector, 488-408-408-1208 sfull
width at half maximumd, and the final neutron energy was fixed at
Ef =14.78 meV with,1 meV energy resolution. The monochro-
mator, analyzer; and filters were all pyrolytic graphite.sad The non-
collinear type-I/III spin structure of the 3D AF order in PLCCO
sRefs. 23 and 24d. sbd Expected Bragg peaks from the AF structure
of sad. scd T dependence of the magnetic susceptibility for the four
crystals investigated. TheTc=24- and 21-K samples were obtained
by annealing as-grown single crystals in pure Ar at 970 and 940 °C
for 24 h, respectively. To obtain theTc=16-K crystal, the as-grown
sample was annealed in pure Ar at 915 °C for 1 week.sdd Simpli-
fied model for AF order in the CuO2 plane, but weakly correlated
along thec axis. For clarity we plot the moment direction along the
c axis, whereas the actual spin direction is in thea-b plane. sed
Expected scattering in reciprocal space fromsdd. sfd The relation-
ship betweenTc andTN for samples investigated.

FIG. 2. Wave-vector scans in thefH ,K ,0g zone around
s0.5,0.5,0d and s0.5,1.5,0d at different temperatures for the four
PLCCO samples. The in-plane and out-of-planesverticald resolu-
tions of the spectrometers ats0.5,0.5,0d are ,0.025 and
,0.1–0.2 Å−1, respectively.sa-dd Scans along thefH ,H ,0g direc-
tion arounds0.5,0.5,0d at different temperatures.se-hd Similar scans
around s0.5,1.5,0d. Solid lines are Gaussian fits to the peaks on
sloping backgrounds. The peaks are resolution limited and give a
minimum coherence length of,200 Å.
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fFigs. 3scd–3sfdg, and thus suggests at first glance that they
are both related to the onset of 3D AF order. However,
equivalent scans in thefH ,H ,Lg scattering plane indicate
that the two types of peaks must have a different origin. In
particular, while boths0.5,0.5,0d and s0.5,1.5,0d peaks are
resolution limited in the CuO2 plane fFigs. 2sbd, 2scd, 2sfd,
and 2sgdg, a scan along theL direction of s0.5,0.5,0d in the
fH ,H ,Lg zone at 6 K shows only slightly enhanced “back-
ground” scattering compared to the 80-K data on theTc
=16-K crystalfFig. 4sadg. Scans along thes0.5,0.5,Ld direc-
tion find no appreciable differences between 6 and 60 K ex-
cept ats0.5,0.5,1d, where the long-range 3D AF order devel-
ops fFigs. 4sbd and 4scdg. Measurements at thes0.5,0.5,1d,
s0.5,0.5,2d, s0.5,0.5,3d, ands0.5,0.5,5d positionssnot shownd,
on the other hand, confirm quantitatively that the magnetic
structure is indeed that of Fig. 1sad with a TN<60 K and
negligible induced Pr moment.

The scattering associated with thes0.5,0.5,0d peak there-
fore appears to be diffuse and quasi-2D along thec-axis
direction.29 To test if this is indeed the case, we carried out
measurements in the two-axis energy-integrated mode by
aligning the outgoing wave vectorkf parallel to the 2D rod
direction.26 In this geometry, we measure the wave-vector-
dependent susceptibility that includes the elastic scattering
arounds0.5,0.5,Ld with 0.4,L,0.6 fsee magenta areas in
Figs. 4scd and 4sddg. The data reveal an unambiguous peak
centered ats0.5,0.5,Ld whose intensity decreases with in-
creasing temperaturefFig. 4sedg. This, and measurements
around s0.5,0.5,0d sFig. 2d, suggest thats0.5,0.5,Ld is
weakly L dependent. Therefore, underdoped PLCCO has a
quasi-2D SDW modulationfFigs. 1sdd and 1sedg that coexists
with SC and 3D AF order.

The relation betweenTc’s andTN’s of our PLCCO crystals
is summarized in Fig. 1sfd, which demonstrates thatTN de-
creases linearly with increasingTc and vanishes when opti-
mal superconductivity is established. While these results sug-
gest the presence of a QPT to SC whenTN approaches zero,
how do we understand the coexistence of quasi-2D SDW and

FIG. 3. sa,bd Wave-vector scans throughs0.5,0.5,1d and
s0.5,0.5,3d for Tc=24 K PLCCO at 4.2 K.T dependence of the
scattering ats0.5,0.5,0d and s0.5,1.5,0d in the fH ,K ,0g zone for
sc,dd Tc=21 K, se,fd Tc=16 K, andsgd NSC PLCCO samples used
to extract theirTN’s. The solid lines insd,fd and sgd are power-law
fits describing the contribution of Cu spinssRef. 23d. The ordered
Cu momentssMcud in sd,fd are estimated by normalizing the mag-
netic intensity to the weaks1,1,0d nuclear Bragg peaks without
considering absorption or extinction effects. At 97 K,Mcu

=0.12mB in sgd. No measurable Pr moment was induced insd,fd
while an induced Pr moment is clearly evident below 95 K insgd
ssee Ref. 24d.

FIG. 4. Measurements in thefH ,H ,Lg zone on theTc=16-K
crystal. Scans along theL direction aroundsad s0.5,0.5,0d and sbd
s0.5,0.5,1d at different temperatures. The magnetic peak insbd is
resolution limited and gives ac axis sjcd AF coherence length of
790 Å. scd Scans along thef0.5,0.5,Lg direction at 6 K sclosed
circlesd and 60 Ksopen circlesd. The peaks atL,0.2, 0.8 are non-
magnetic. The magenta areas inscd and sdd mark the L region
probed in the two-axis integration mode.sdd The experimental ge-
ometry in the two-axis mode in thefH ,H ,Lg zone sRef. 26d. sed
scans along thefH ,Hg direction arounds0.5,0.5d with a range ofL
at different temperatures.

ELECTRONIC INHOMOGENEITY AND COMPETING… PHYSICAL REVIEW B 71, 100502sRd s2005d

RAPID COMMUNICATIONS

100502-3



long-range 3D AF order and their relationship to SC?
One concern might be that the annealing process neces-

sary for producing SC in PLCCO causes macroscopic oxy-
gen inhomogeneities, giving rise to separate nonmagnetic SC
and AF NSC phases. In this scenario one would expect to
observe both a sharpTc and a robustTN weakly depending
on oxygen doping as in the case of oxygen-doped La2CuO4
sRef. 30d. However, the drastic decrease in 3D transition to
long-range magnetic ordersTN decreasing from 186 K for
NSC to 40 K for theTc=21-K sampled combined with rela-
tively sharp magnetic transitionfas in hole-doped La2CuO4
sRef. 31dg demonstrates that this is not the case. The rela-
tively broad SC transition is then a consequence of an intrin-
sic electronic inhomogeneity occurring on a length scale
longer than thesshortd SC coherence length. While neutrons
are a bulk probe and cannot determine how SC coexists with
the AF phases at zero field, magnetic-field experiments show

that the AF phase competes directly with SCsRefs. 32 and
33d. In this case, the observed commensurate quasi-2D SDW
in PLCCO is analogous to the incommensurate 2D SDW in
hole-doped La2−xSrxCuO4 and La2CuO4+d sRefs. 3 and 4d. In
the electron-doped case, the commensurate SDW may arise
from the in-phase domains of “stripes,”22 as compared to the
antiphase domains of “stripes” in hole-doped materials.2

While a detailed picture of PLCCO may be obtained from
future spin dynamical measurements, it appears that micro-
scopic heterogeneity and the resulting competition of differ-
ent order parameters are general features of doped copper
oxides near a QPTfFig. 1sfdg.
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