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Magnetic order and electronic phase diagrams of electron-doped copper oxide materials
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We report muon spin relaxation and rotation measurements on sintered ceramic samples of
Nd2 „Ce„Cu04—y and a large single crystal of Nd2Cu04 y. We find an electronic phase diagram
that is quite similar to that of hole-doped superconductors such as La2 „Sr„Cu04—y although the
doping of electrons into the system is less efficient in destroying the static moments on the copper
ions. Static magnetic order appears in Nd2Cu04 ~ below about 250 K; two spin reorientations are
seen at T=75 and 35 K, providing information about the muon site in this material.

I. INTRODUCTION

Since the discovery' of high-temperature supercon-
ductivity in compounds that appear to have electrons
rather than holes as charge carriers, there has been con-
siderable interest in the electronic properties of these ma-
terials. The mere existence of electron-doped supercon
ductors sheds some light upon certain theories of high-
temperature superconductivity. Therefore, to better un-
derstand high-T, systems, it is important to determine
the extent to which these new materials are simply nega-
tive carrier analogs of the hole-doped systems and the na-
ture of any important difFerences.

Many studies related to high-T, superconductors have
focused on the changing magnetic properties as the num-
ber of charge carriers is varied, converting the materials
from antiferromagnetic insulators to metals that eventu-
ally exhibit superconductivity. One of the obvious corn-
parisons to make between these systems is whether the
electron superconductors have similar electronic phase
diagrams. Since the first identification of antiferromagne-
tism in the undoped parent compounds I n2Cu04 y

(where Ln represents Pr, Nd, or Sm), we have also stud-
ied the electronic phase diagram of Ndz „Ce„Cu04.
Here we give a comprehensive report of our muon spin
relaxation and rotation (@SR) measurements determining
the magnetic phase diagram of the Nd2 „Ce„Cu04 sys-
tem for 0 & x & 0. 18. For comparison, we have also stud-
ied several specimens of Pr2 „Ce Cu04 near the bound-
ary between magnetic order and superconductivity. The
resulting phase diagram for these electron-doped materi-
als is compared with that of the analogous hole-doped
La2 Sr Cu04 system.

II. MUON SPIN RELAXATION AND ROTATION

The technique of muon spin relaxation has been exten-
sively applied to the study of high-temperature supercon-
ductors. Briefly, the positive muon is employed as a
pointlike probe of the local magnetic environment around
the interstitial site(s) at which it stops. The muon gen-
erally occupies a unique crystallographic site, although in
complicated crystal structures such as those of the high-
temperature superconductors, several sites are sometimes
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identified.
The muon samples the local magnetic environment

through its spin and reveals its polarization through its
parity-violating decay (muon lifetime r„=2.2 ps), emit-
ting a positron preferentially along the instantaneous spin
direction at the time of decay. The numbers of positrons
detected in two opposing counters (say F and 8, for the
forward and backward directions) are given by

/'
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where 8&,BF correspond to the fraction of time-
independent background events, Ao Ap are the asym-
metries of the 8 and F counters, and P is the muon polar-
ization function, These signals have their time-
independent background subtracted to give signals P(t)
and S(t). An experimental asymmetry is then defined:
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This can be inverted to give the corrected asymmetry
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(3) FIG. 1. Experimental geometries for (a) spin-rotated trans-
verse field, (b) non-spin-rotated zero-longitudinal field (ZF-LF),
and (c) spin-rotated ZF-LF. Incoming muons detected in the M
counter, outgoing positrons detected in the U, D, 8, and F
counters. The sample is shown as shaded.

and (4)
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0

which equals A(t) when a=P= l.
Thus, by monitoring the muon decay spectra one can

determine the muon polarization function P(t) which, in
turn, rejects the internal magnetic environment of the
sample.

There are several diFerent experimental geometries
which are useful for pSR experiments. In the transverse
field geometry, the muon spins are injected normal to the
applied field, and the (generally either two or four) posi-
tron detectors are arranged symmetrically around the
field. In the longitudinal —zero-field geometry, the muon
spins are initially parallel to any applied field, and the
positron detectors are arranged forward and backward
with respect to the muon polarization on opposite sides
of the sample. Initially, surface muons are created with
their spins antiparallel to their momenta. The muon spin
may be rotated normal to its momentum prior to implan-
tation through the use of a Mien filter (or spin rotator),
consisting of crossed electric and magnetic fields. The
Wien filter also serves to remove positron contamination
from the incoming muon beam. Figure 1 shows the
transverse field (spin-rotated) geometry, as well as the
zero-longitudinal (both spin-rotated and non-spin-
rotated) geometries. The use of the two different zero-
field geometries allows one to vary the relative orienta-
tion of the initial muon polarization with respect to the

sample, without moving the latter. Through the use of
spin rotation, it is possible to study the spin evolution of
muons which are polarized in the plane of thin samples
(which would otherwise not present a large cross-
sectional area to the incoming muon beam).

In a magnetically ordered material (ferromagnetic or
antiferromagnetic), one observes one or more discrete os-
cillation frequencies in zero applied field, at frequencies
given by

(5)

where y„/2m = 13.55 MHz/kG is the muon gyromagnet-
ic ratio and B;„,is the internal magnetic field. It should
be noted that the precession frequency is independent of
the angle between the local field and the muon spin; only
the amplitude of the oscillations is reduced when the
muon spin is not perpendicular to the applied field.
Thus, in a single crystal the magnitude of the oscillating
signal can provide information about the directions of the
local fields.

The experiments were performed at the M 15 and
M20B surface muon channels at the TRIUMF cyclotron.
These channels provide nearly monochromatic beams of
100% spin-polarized positive muons with mornenta of
approximately 28 MeV/c. Such muons have a range of
about 200 mg/cm which corresponds to a distance of
about 0.1 mm in these materials. In the single-crystal
studies, the initial muon polarization was prepared either
parallel or perpendicular to the crystal e axis using the
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Wien filters of M15 or M20B.
The samples were mounted in a He gas flow cryostat,

which allowed the temperature to be varied continuously
from 3.0 to 300 K. Temperatures were measured using
either carbon glass or platinum resistance thermometers.

III. UNDOPED PARENT COMPOUNDS

A. Single crystal Nd'Cn04 0~
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Zero-field (ZF) @SR measurements on a large single
crystal have been used to study both the ordered spin
orientations and the muon site in NdzCu04 . The crys-
tal was grown from a nonstoichiometric Cu0-rich solu-
tion using a flux method similar to that employed in
growing large LazCu04 ~ single cyrstals. The crystal
dimensions were 30X20X1 mm; the c axis was along
the thin direction. The sample was mounted with the c
axis parallel to the incoming beam. The (equivalent) a
axes were not oriented.

Figure 2 shows ZF pSR spectra at various tempera-
tures below T&=252 K for two different experimental
geometries. In Fig. 2(a) the initial muon polarization is
along the c axis, while Fig. 2(b) is for the case where the
initial muon polarization was in the a-b plane. The data
at 81 and 25 K are essentially the same for the two
different orientations, whereas at T =55 K, there is a
pronounced difference. In the data taken with the muon
polarization along the c axis, no precession is seen at 55
K, which indicates that either there is no static internal
magnetic field (at the muon site), or the local field is

Nd, cuG,

4L 4E

FIG. 3. Crystal and ordered spin structure for Nd&Cu04 y.
Shown in figure are Cu atoms (large shaded circles), 0 atoms
(small solid circles), and Nd atoms (small open circles). In the
temperature range 35& T &75 K, NdzCu04 y orders in the
La&Cu04 spin structure, otherwise in the La&Ni04 structure.
Possible muon sites all lie near 0 atoms in the oxygen planes at
z =0.25 and 0.75, midway between CuO& planes.

directed along the muon spin direction (i.e., along the c
axis). The observed precession when the initial spin
direction lies in the a-b plane [Fig. 2(b)] demonstrates
that there is an internal field at the muon site, which is
therefore directed along the c axis at T =55 K (and not
at T=25or 81K).

This spin reorientation has also been observed in
neutron-scattering experiments which have shown that
the spin structure changes from that of LazNi04 at high
temperatures to LazCu04 at intermediate temperatures,
reverting to LazNi04 at the lowest temperatures. These
two spin structures differ from each other in that the
body-centered Cu ion has its spin rotated by 180' as
shown in Fig. 3.

I he temperature dependence of the muon spin preces-
sion frequency below 125 K is shown in Fig. 4. At higher
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FIG. 2. Zero-field muon spin relaxation for (a) initial muon
polarization parallel and (b) perpendicular to c axis in single
crystal Nd&Cu04 —y.

Temperature (K)
FIG. 4. Zero-field muon precession frequency for muon po-

larization along the c axis and lying in the a-b plane for
NdzCu04 y. In the temperature range 35& T &75 K, preces-
sion is observed only for muons polarized in the a-b plane.
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temperatures, it is dificult to extract a precession fre-
quency due to the fast relaxation of the signal, though
static magnetic fields are clearly visible up to T~. In the
intermediate temperature range 35& T &75 K, preces-
sion is seen only for muons polarized in the a-b plane.
%hen the muons are polarized along the c axis, only lon-
gitudinal T, relaxation is seen. Figure 4 also shows that
the average low-temperature frequency is approximately
half as large as the extrapolation to T =0 of the frequen-
cy in the intermediate temperature phase, the latter being
around 6 MHz, about the same as observed in
La2Cu04 . ' This difference is a result of the change in
the vector sum of the field components from the ordered
Cu moments at the muon site between the two different
spin structures. %e note that the actual frequency
abruptly rises at the lowest temperatures, reflecting the
onset of ordering of the Nd moments.

%e have calculated the local fields throughout the
crystal structure for each of the two different spin struc-
tures to identify possible muon sites. In these calcula-
tions we used the ordered Cu moment of 0.5pz deter-
mined by neutron scattering and assumed a strictly dipo-
lar field from each copper ion. The criteria for identify-
ing possible sites are that, in the La2Cu04 ordered spin
structure, the local Geld must be directed almost entirely
along the c axis, whereas in the La2Ni04 structure, the lo-
cal field should lie almost exactly in the a-b plane. In ad-
dition, the field at the muon site should be approximately
twice as large for the LazCu04 structure as for the
La2Ni04 case, as indicated from Fig. 4. The low-
temperature frequency corresponding to the La2Cu04 y
structure should be about 6 MHz. Another requirement
is that structurally equivalent sites should be essentially
magnetically equivalent, since we see only a single mag-
netically unique muon site.

The candidate sites are all associated with the oxygen
plane located at z =0.25 (or equivalently z =0.75) in the
unit cell as shown in Fig. 3. (These are the oxygen ions
which correspond to the apical oxygens in LazCuO~ . )

Most likely, the muon is hydrogen bonded to an oxygen
ion in the edge of the unit cell, which lies about 3.5 A
from the nearest Cu ion. The calculated field agrees quite
well with the measured muon precession frequencies,
sho~ing that the neglect of hyperfine fields on the muon
is probably reasonable.

This close association of the muon with oxygen ions
has also been seen in muon-nuclear level-crossing experi-
ments with ' 0 substituted YBa&Cu307." In addition,
ZR pSR measurements' have been performed on
Sr2CuC1202 which has the same crystal structure as
La2Cu04, with Cl substituted for the apical oxygens.
The ZF muon precession frequency [~„(T~0)—16
MHz] in this material is much higher than in LazCu04
or Nd2Cu04 . Furthermore, the orientation depen-
dence of the precession signal amplitude indicates that in
Sr2CuC1202, the local field lies in the plane normal to the
c axis. Using these two results, comparison of the local
fields with calculated field distributions shows that the
muon site is in the Cu02 plane, near an oxygen ion. In
the absence of apical oxygen ions (which were replaced
by Cl), the muon site changes, with the muon becoming

associated with the planar oxygens. There is substantial
evidence that the oxygen ions determine the muon site in
all of the oxide superconductors via muon-oxygen "hy-
drogen bonding. "'

B. Ceramic samples

Sintered ceramic samples were prepared at DuPont
and at the University of Tokyo by the usual solid-state re-
actions as described previously. ' X-ray diffraction
showed that the samples were substantially single phase
(pSR is insensitive to small amount, less than a few per-
cent, of impurity phases).

Oscillations of the muon polarization, seen in ZF pSR
measurements in the as-grown undoped parent com-
pounds PrzCu04 ~, SmzCuO~ (shown in Fig. 5), and
Nd2CUO4 y indicate the presence of static magnetic or-
der. The onset temperature (Tz) for each of these com-
pounds is approximately 250 K. The increased relaxation
seen in Sm2Cu04 y at 5 K is due to the magnetic order-
ing of the Sm moments, which occurs at 6 K. There was
also some increase in the relaxation seen in Nd2Cu04 y
samples at the lowest temperatures studied, presumably
due to the slowing down of the Nd moments, which order
below 2 K.

In different samples of Nd2Cu04, the ordering tem-
perature was observed to depend on the sample treat-
ment. The onset of order in as-grown (nonreduced) sam-
ples was 245 K, whereas in a reduced sample the onset
temperature was about 275 K. In comparing the temper-
ature dependence of the magnetic order, much clearer os-
cillations were observed in the reduced sample at low
temperatures and the spin reorientation was clearly visi-
ble. In the as-grown material with the reduced Neel tem-
perature, oscillations were not clearly seen; the relaxation
was characteristic of much more random magnetic order.
For comparison, the single crystal discussed in the
preceding section ( Tz =252 K) shows oscillations inter-
mediate between the two ceramic samples, indicating that
its oxygen content was likely between those of the re-
duced and nonreduced pellets.

The fact that the samples with the higher oxygen con-
tent have lower Neel temperatures and have more ran-
dom order suggests that there is actually a small hole
concentration in these samples, frustrating the magnetic
order. Reduction is required to remove these holes, first
to remove all carriers, improving the magnetic order,
then to allow electron superconductivity. Tarascon
et al. ' have measured the oxygen concentrations in sin-
gle crystals of Nd2 ~ Ce~ Cu04 y and have found that
the as-grown crystals have an oxygen content slightly in
excess of 4.0, which must be reduced to induce supercon-
ductivity.

IV. PHASE DIAGRAM

In determining the magnetic phase diagram, we used a
combination of transverse field and zero-field measure-
ments. The application of a weak transverse magnetic
field allows one to determine the paramagnetic volume
fraction of a sample, since muons, which reside at sites
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FIG. 7. Electronic phase diagram for reduced
Nd2 „Ce„Cu04 q showing antiferromagnetic (AFM) and su-
perconducting (SC) phases. T, values taken from Ref. 1.

FIG. 8. Electronic phase diagram for both electron (reduced)
and hole (oxygenated) superconductors (214-type), showing anti-
ferromagnetic (AFM), spin glass (SG), and superconducting
(SC) phases.

around x =0.15, dropping from 80 K at x =0.14 to
below 5 K (i.e., ordering of Cu moments not seen in the
temperature range studied) by x =0.15. The general
effect of doping electrons is similar to that of doping
holes in La2 „Sr Cu04 y in that it first causes a reduc-
tion in the ordering temperature, followed by the destruc-
tion of magnetic order at higher doping concentrations.
In both systems, superconductivity appears at or near the
doping concentration where magnetic order disappears
(although this occurs for different x in the two systems).

Electron doping appears far less effective at destroying
magnetic order as seen in the Nd2, Ce„Cu04 sys-
tem, where, even for x =0.14, order is seen as high as
T =80 K. This may be compared to hole-doped
La2 Sr, Cu04 where the Neel temperature is reduced
to below 10 K for x =0.02, ' with superconductivity ap-
pearing around x =0.075 (see Fig. 8).

The different effectiveness of carrier concentration for
destroying magnetic order in the electron- and hole-
doped systems may be understood in two ways. First, the
doping of electrons or holes into the system could pro-
vide approximately the same number of carriers to the
Cu02 planes, with the differences being ascribed to the
different effects of electrons located primarily on Cu ions,
and holes, located mainly on the oxygen ions. The dop-
ing of electrons changes Cu + ~Cu'+, ' filling the
copper 3d shell and making the copper act like a non-
magnetic Zn ion, effectively diluting the spin system.
Hole doping, on the other hand, changes 0 ~0 . The
presence of a magnetic oxygen ion between two adjacent
Cu ions serves to provide an effective ferromagnetic in-
teraction between the Cu ions, thus frustrating the anti-
ferromagnetic ordering. The difference in the ability to
destroy order is then understood in terms of the greater
effectiveness of frustration relative to dilution in destroy-
ing magnetic order. Similar results for the varying effects
of dilution and frustration have been seen in the
Rb2(Mn& Cr„)C14 (Ref. 19) and Rb2(Mn, Zn„)C14
(Ref. 20) systems. The substitution of Mn by (magnetic)

Cr quickly frustrates the antiferromagnetic order for x as
small as 0.2, whereas, if the Mn is diluted by (nonmagnet-
ic} Zn, antiferromagnetism still exists for x as large as
0.59.

A second possibility is that doping with the same (from
a chemical stoichiometric point of view) concentration
causes different carrier levels to be actually located on the
Cu02 planes, with the other doped carriers residing else-
where in the crystal structure. However, this is in
disagreement with Hall-effect measurements ' which
show that the Hall coefficient changes quite symmetrical-
ly with electron and hole doping. Additionally, it would
be difficult to understand why the optimum doping con-
centration (near x =0.15) would be essentially the same
for the two different systems if the doped carriers did not

go to the Cu02 planes in an equivalent manner.
The fact that the dopant levels for the onset of super-

conductivity is different for the two systems, even though
the optimal doping (x -0.15) is the same, supports the
view that there is a deep connection between the magne-
tism and superconductivity in these Cu02 systems. It is
clear from these results that, although superconductivity
and magnetism occur in close proximity to each other,
there tends to be a transition from one state to the other,
rather than extensive coexistence. Apparently, the onset
of superconductivity is correlated with the destruction of
magnetic order, rather than being a separate unrelated
phenomenon.

We have also studied a number of nonreduced samples.
Figure 9 shows the zero-field muon relaxation in an as-
sintered sample of Nd& 84&Ceo &55Cu04. Static moments
appear around 100 K, much as in reduced samples of
Nd, 87Ceo &3Cu04 . When the Ce concentration is in-

creased to x =0.18, however, there is little sign of in-
creased relaxation except at the lowest temperatures
( T-10 K},which is likely due to the slowing down of the
Nd moments rather than the presence of static moments
on the Cu atoms.
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FIG. 9. Zero-field spectra for an as-grown (nonreduced) sam-

ple of Nd& 84&Ceo»5Cu04 below the ordering temperature.

V. PENETRATION DEPTH
IN ELECTRON-DOPED SYSTEMS

Much of the work done with @SR in high-temperature
superconductors has centered on the measurement of
magnetic field penetration depths. ' These measure-
ments are made in a high transverse field, where the dis-

tribution of local fields in the vortex state of a type-II su-

perconductor causes a depolarization of the muon spins.
When the separation of the vortex cores is smaller than
the penetration depth A, , the width of the field distribu-
tion (and therefore the transverse field relaxation rate) be-
comes nearly independent of the applied field and in-
versely proportional to the square of the penetration
depth. A large field is also needed to ensure a more uni-
form flux lattice, using the intervortex repulsion to over-
come flux pinning.

Among the interesting results has been the correlation
between T, and the superconducting carrier density di-
vided by the carrier effective mass (n, /m') as revealed
through the transverse field muon spin relaxation rate.
We have attempted to determine the magnetic field
penetration depth X in electron-doped superconductors
by measuring the muon spin relaxation rate in high trans-
verse field (i.e., 8 & 1 kG). We have found, however, that
the rare-earth paramagnetism causes a spin relaxation
which is much greater than that expected from the field

inhornogeneity caused by the formation of a flux lattice.
Figure 10 shows the temperature dependence of the
muon relaxation rate for reduced samples of super-

duct' g Nd&. ssCeo. isCu04 and nonsuperconducting
Nd, 82Ceo, 8Cu04. The relaxation is essentially the same

for the two samples and is roughly inversely proportional
to temperature, as expected for the rare-earth
paramagnetism. Since the observed relaxation rate is
proportional to the applied field (shown at T =10 K in
the inset of Fig. 10 for x =0.18), the large fields required
for the formation of a uniform flux lattice are incompati-
ble with observing the effects of the vortex lattice for
penetration depths of the same order as observed in the
hole doped superconductors.

We have attempted to observe relaxation due to the
formation of a flux lattice in several different sys-
tems, including Nd~ gsThp, sCuO&, Eu& SsCeo )5Cu04,
Pr& 8sCep»Cu04, and Pr, ssThp»Cu04, with similar re-
sults. Thus, it seems that some other technique, such as
magnetization, will be required to measure the penetra-
tion depth A, , or an optical measurement of the plasma
frequency to determine n/m' will be required to test
whether the new electron superconductors obey the rela-
tion observed in the hole-doped systems.

VI. CONCLUSIONS

The parent compounds I.n2Cu04 y of the new elec-
tron superconductors all exhibit static magnetic order,
with Neel temperature around 250 K, just as have all of
the parent compounds of the hole-doped Cu02 supercon-
ductors. Nd2Cu04 y undergoes two additional magnetic
transitions involving spin configuration changes at 75 and
35 K, which have allowed us to identify the probable
muon site in this material.

As a function of doping, electron-doped superconduc-
tors behave in many ways similarly to the older hole-
doped Cu02 planar superconductors in that the Cu02
planes may be doped with either type of carrier to form a
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superconductor. Differences in the details of their
respective phase diagrams probably arise from the
different effectiveness of the doped carriers in destroying
the magnetism of the Cu ions. Apparently, doped holes
centered on the oxygen ions frustrate the Cu spin net-
work, whereas electrons are doped onto the copper sites,
electively removing a Cu spin (dilution). Once the
magnetism is destroyed, superconductivity occurs. The
appearance of superconductivity is tied to the disappear-
ance of magnetism in both the hole-doped and electron-
doped systems, underscoring the intimate relationship be-
tween magnetism and superconductivity in high-T, sys-
tems.
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