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Magnetic phase diagram of Nd1.85Ce0.15CuO4¿d from magnetization
and muon spin relaxation measurements
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The magnetic phase diagram of Nd1.85Ce0.15CuO41d has been investigated up to oxygen content
d.0.064. Magnetization, susceptibility, and muon spin relaxation experimental data show that an unconven-
tional spin-glass~SG! phase sets in ford*0.06. A well defined SG-like transition occurs atTg.5 K for the
compound with maximum oxygen content. BelowTg , however, the shape of susceptibility curves as well as
the m1-polarization recovery laws point out the persistence of residual spin-fluctuations, a signature of a
noncomplete freezing of the magnetic lattice. These experimental evidences can be explained by assuming two
different slowing down processes for the fluctuations of the Cu and Nd spin ensembles. A phase diagram which
agrees with the main results on other high-Tc cuprates is reported.
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Soon after the discovery of superconductivity
Nd22xCexCuO4 ~NCCO!,1 this system became one of th
reference compounds in the framework of high-Tc supercon-
ductors~HTSC’s!. It exhibits superconductivity for 0.14<x
<0.18 and has a maximum transition temperatureTc

.25 K for x50.15. The prime charge carriers are electro
and for this reason NCCO is clearly distinguished from
hole-doped HTSC’s. As in all HTSC cuprates, physical pro
erties are obviously strongly affected by charge carrier d
sity r.2 The study of the magnetic properties on varyingr
leads to the determination of a rich phase diagram whic
qualitatively similar for all the cuprate HTSC’s.3–9 Starting
from the parent antiferromagnetic~AF! compound Nd2CuO4

(La2CuO4 for La22xSrxCuO4, YBa2Cu3O6 for
YBa2Cu3O61x), the magnetic ordering Ne´el temperature of
NCCO diminishes with increasing doping, untilx.0.14
where the AF phase disappears and superconductivity
in.10 The presence of an intermediate spin-glass~SG! phase,
typical of La22xSrxCuO4 and YBa2Cu3O61x systems,3–9 in
NCCO has been questioned.10 In fact, due to substantial dif
ficulties in controlling the doping-carriers content, the deta
of the HTSC magnetic phase diagram are strongly deba
In NCCO the charge carrier density can be controlled
only by Ce doping but also by varying the oxygen conten
fixed Ce stoichiometry. In this paper we will focus on th
system Nd1.85Ce0.15CuO41d .11,12 By changing the oxygen
amount at fixed Ce content, the transport and magnetic p
erties of this compound are drastically modified.11 Definingn
the number of electrons per Cu atom (n50.1522d), the
system passes from nonsuperconducting to supercondu
behavior atn5n0.0.07. No detailed study of the magnet
properties as a function of the oxygen content until the ma
mum possible amount has been reported and we aim at
ing this lack. The resulting magnetic phase diagram is qu
tatively similar to all other high-Tc cuprates.3,5,6

Powder samples of Nd1.85Ce0.15CuO41d were prepared as
described in Ref. 11, with excess oxygen contentd.0.06,
0.062, 0.064. Magnetic susceptibility and magnetizat
measurements were performed by a MPMS-XL7 Quant
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Design magnetometer, in the temperature range 1.8–30
at different constant magnetic fields. Hysteresis and re
ation of the magnetization data were collected atT52 K on
the sample with d50.064. The muon spin relaxatio
(m1SR) data were collected at the ISIS facility, Rutherfo
Appleton Laboratory~U.K.!, in the temperature range 0.06
300 K in zero and different longitudinal magnetic fields.

For oxygen contentd,0.045,11,12 the magnetic suscepti
bility x(T) data follow the typical behavior of superconduc
ing samples.12 For 0.045,d,0.06,11,12 the compounds are
standard paramagnets mainly due to the contribution
Nd~III ! ions to the total magnetization. Nd1.85Ce0.15CuO41d
displays a low-temperature SG-like behavior ford.0.06.
The first evidence comes from the behavior of the zero-fie
cooled ~ZFC! and field-cooled~FC! susceptibility data, re-
ported in Fig. 1 for the sample withd50.064 inH540 G.
As is well known,13 the maximum in the ZFC data, occurrin
at T.4.5 K, corresponds to the ‘‘spin freezing’’ temperatu
Tg and displaces toward lower temperatures by increas
applied magnetic field~data not reported!.

The magnetization hysteresis curve atT52 K displayed
in the inset of Fig. 2, confirms that the system undergoe
spin-glass transition rather than a transition to a magnetic
ordered state, as no hysteretic opening either in FC and Z

FIG. 1. Magnetic susceptibilityx5M /H vs temperature for the
Nd1.85Ce0.15CuO4.064 sample in a magnetic fieldH540 G. Both
zero-field-cooled~ZFC! and field-cooled~FC! curves are shown.
For T.30 K the experimental data are reproduced by the cha
teristic paramagnetic behaviorx5C/(T1u).
©2003 The American Physical Society24-1
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conditions is observed. Relaxation data, however~Fig. 2!,
collected atT52 K by following the time evolution of the
magnetizationM (t) after zero-field cooling of the sample
and subsequent application of a magnetic fieldH57 T for
about 5 min, point out the atypical character of the SG pha
Two different relaxation time-scales are observed in
M (t) relaxation, so that the attempts to fit the data w
‘‘single-exponential-like’’ functions of the form M (t)
5M0exp(2at12d), typical of conventional SG’s,13 fail. We
suggest that at such low temperatures, either Cu and Nd
spins tend to freeze, giving rise to a complex SG phase
fact, one obtains a good fit forM (t) by using a superposition
of two SG-like relaxation functions, in the form

M ~ t !5M0
Ndexp~2aNdt

12d!1M0
Cuexp~2aCut

12d!, ~1!

with d50.648, close to the valued50.66 expected in the
single-exponential evolution of magnetization in conve
tional SG formed by a unique type of spins.

To support our hypothesis, we remind what happens
pure and slightly Ce-doped Nd2CuO4, which are less disor-
dered systems than the ones considered here. By lowerinT,
three different phase transitions to magnetically ordered
tices with different spins rearrangement occur~see, e.g., Ref.
14!. At T.255 K, the first phase transition occurs and t
Cu spins show a three-dimensional~3D! AF order with a
La2NiO4-type structure. AtT.80 K a second phase trans
tion occurs, and the Cu spins rearrange in a La2CuO4-type
structure. AtT.30 K a third transition is caused by the r
arrangement of Cu spins magnetic structure~in La2NiO4
type again! and, on a second sublattice, by the Nd ions
order.14–19 It has to be remarked that at this temperature,
and Nd spins sublattices begin to strongly interact. In a w
analogous to the Nd2CuO4 case, in Nd1.85Ce0.15CuO41d , we
expect the complete freezing~often called extreme slowing
down! of the Cu spins at higher temperature with respec
the Nd one; this means that, in Eq.~1!, one hasaNd.aCu
@from the fit aNd5(0.17560.014)sd11 and aCu5(7.44
310246231024)sd11]. We remark that in the parent com
pound Nd2CuO4, the temperature at which Nd spins start
localize is higher with respect to Cu ones. HoweverTloc

Nd is
indeed very different (Tloc

Nd.70–100 K) from the tempera

FIG. 2. Relaxation of the magnetization for th
Nd1.85Ce0.15CuO4.064sample, collected atT52 K ~solid circles!; the
line is a fit of the data according to the model in Eq.~1!. In the inset
hysteresis data collected either in the ZFC and FC conditionsT
52 K are shown.
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ture of complete freezing.14,16 In the experimental data re
ported in Fig. 1, it is possible to observe the maximum in
ZFC susceptibility atT.5 K that we attribute to the freezing
of the Cu spins. The proximity of the two freezing points f
Cu and Nd spin ensembles is probably the reason of
sizeable broadening of the maximum in the ZFC curve. T
ratio between the local effective magnetic moments at the
and Cu sites can be obtained asmNd /mCu5M0

Nd/M0
Cu

51.66/2.2950.72, near the value 0.7 found for the magne
cally ordered related compound Nd2CuO4 ~data atT,8 K,
Ref. 14!. Due to the presence of two different subsets
freezing spins, no scaling argument valid for the spin dyna
ics in conventional SG~Refs. 7,13! holds and the suscepti
bility data cannot be fitted by using such scaling argume

Further confirmation of the freezing of both sublattices
Nd and Cu spins ford>0.06 comes fromm1SR measure-
ments. To study the temperature evolution of the spin
namics of the two different sublattices, we analyzed the ze
field mSR data on thed50.064 sample. The reader
referred to Ref. 20 for a more detailed examination ofm1SR
experiments in longitudinal field and for a comparison b
tween different samples. Here we just recall that the beha
of P(t) as a function ofT and H remains qualitatively the
same for all the samples withd>0.06. The zero-field data
can be analyzed by distinguishing two different temperat
regimes:~I! 4.5,T,100 K, ~II ! T,4.5 K ~see Fig. 3 for
typical raw data in the two regimes!. In all the experimental
data, the usual background subtraction coming from mu
implanted out of the sample, was preliminarily performe
After this subtraction, the muon polarization data can be
ted by a sum of three functions in the range~I! and the sum
of two functions in the range~II !. Let us now briefly describe
the P(t) fits in the two temperature regions.

~I! T.4.5 K. In this temperature regime,P(t) is well
reproduced by a sum of two exponential functions plus
Gaussian static Kubo-Toyabe,21–24 i.e.,

P~ t !5aFexp~2lFt !1aSexp~2lSt !1 f KT , ~2!

FIG. 3. Muon asymmetry of Nd1.85Ce0.15CuO4.064 at two differ-
ent temperatures. The data atT520 K are arbitrarily vertically
shifted by 0.1, for the sake of clarity. The presented data corresp
to two different temperature regimes~see text!.
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where f KT5@1/312/3(12gm
2 D2t2)exp(21/2gm

2 D2t2)# (gm

5muon gyromagnetic ratio,D5second moment of the dis
tribution of local fields at the muon site!. In Eq. ~2!, the
relaxation ratelF is associated to muons relaxing faster a
lS to muons relaxing slower.

~II ! T,4.5 K. For T,4.5 K the exponential componen
with fast relaxation ratelF gives way to a loss of muon
asymmetry. The data can be fitted by

P~ t !5aSexp~2lSt !1 f KT . ~3!

From the above analysis we can conclude that the mu
implant in three different sites:~a! site A, muons near the Cu
spins, where the muon polarization relaxes fast forT
.4.5 K; ~b! site B, muons farther from Cu spins, where t
muon polarization relaxes slowly; and~c! site C, near the Nd
spins, wheref KT reflects the progressive localization of N
spins.

The total apparent initial muon asymmetry@Fig. 4~c!#
starts to diminish by decreasingT from 100 K and displays a
further clear step atT;4.5 K. We suggest that the loss o
muon asymmetry in the range 4.5,T,100 K is due to
muons whose polarization precesses around the local fie
the muon site C, created by progressively localizing
spins. The lowT (,4.5 K) loss of asymmetry is associate
to the component pertaining to muons in site A, and set
when the Cu spins slow down to give a SG phase.

We now discuss the spin dynamics as a function of te
perature in terms of the evolution of the different fit para
eters in Eqs.~2! and~3!. The temperature behavior oflF(T)
shows a divergence by approachingT;4.5 K from above,
typical of phase transitions5 @see Fig. 4~b!#. As said above,
below 4.5 K this fast relaxing component disappears@see

FIG. 4. Temperature behavior ZF-mSR spin-lattice relaxation
rates of Nd1.85Ce0.15CuO4.064for muons in site A@lF ~a!# and in site
B @lS ~b!#; see also text. The solid line marks the transition to
SG-like phase of Cu sublattice.~c! Background subtracted tota
initial apparent ZF muon asymmetry as a function of temperat
The loss of asymmetry is due to the presence of local fields at
muon sites.
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also total asymmetry in Fig. 4~c!# because a local fieldH loc at
the muon site is present and the precession of the m
polarization around this field occurs at too high frequenc
to be detected at the RAL facility (H loc.700 Oe). Such be-
havior of lF(T) reflects the slowing down of the Cu spi
fluctuations when the Cu spins’ sublattice approaches the
transition temperatureT;4.5 K. Below 4.5 K, a short-range
order of Cu spins is reached, and the related SG-like phas
thought to be similar to the one detected in LASCO a
YBCO high-Tc systems for low holes-doping.5–7,26It should
be remarked that in LASCO and YBCO systems the SG-l
phase was evidenced bymSR too.7,26

This picture is confirmed by the behavior oflS(T) that
displays a peak forT;4.5 K @Fig. 4~a!#. This means that
muons farther from Cu spins are also sensitive to
slowing-down of the~Cu! spin fluctuations~see, e.g., Ref. 5
for a more extensive treatment of the effect of this slowin
down on a spin-latticeT1-like relaxation process!.

Let us finally concentrate on the KT-like component.
Fig. 5, the behavior of the second moment of the distribut

e.
e

FIG. 5. Temperature behavior of the second momentDKT of the
KT-like component of the total muon asymmetry o
Nd1.85Ce0.15CuO4.064. The low-T flattening corresponds to Nd-spi
freezing.

FIG. 6. Magnetic phase diagram of Nd1.85Ce0.15CuO41d , ob-
tained combining the data of the present work and those of Refs
and 12. Ford&0.045 the sample is superconducting while ford
*0.06 a low temperature ‘‘exotic’’ SG-like phase exists with C
~SGI! and Nd ~SGII! spin freezing. For intermediate doping, th
magnetic phase character is not yet established.
4-3



s.
m

s-
le

pi
. I

har-

the

e
g-

for
nd

3

E.

E.
.S
am

ld-
ity
.
M
d

.R

a

ti

R
E.
Y.
A.
.L

li,

. B

.

Z.

e,
le,

l-

r-
M.

C.

nd

aki,

E.J.

sed
M.

d-

rn-
.

A. LASCIALFARI, P. GHIGNA, AND F. TEDOLDI PHYSICAL REVIEW B68, 104524 ~2003!
of local fields D(T) at the muon site C~i.e., near the Nd
ions! is reported. As can be seen, starting fromT;100 K,
D(T) tends to increase: atT;100 K its value is;1 ms21,
while it reaches a plateauD(T);9 ms21 for T,2 K, cor-
responding to a local fields distribution of widthdH loc
;600 Oe. This temperature (T;2 K) can be identified as
the temperature of extreme slowing down of the Nd spin

As a final result, the magnetic phase diagram of the co
pound Nd1.85Ce0.15CuO41d , deduced after our magnetic su
ceptibility andmSR experiments, is reported in Fig. 6. Whi
for d<0.045 the system is superconducting, ford>0.06 an
exotic SG phase sets in. In this phase the Cu and Nd s
tend to order in two spatially disordered magnetic lattices
Fig. 6 the freezing temperatureTg of the Cu magnetic mo-
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