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Magnetic phase diagram of Nd g£Ce; 1:CuQ,. s from magnetization
and muon spin relaxation measurements
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The magnetic phase diagram of NdCe) 1:CuO,. s has been investigated up to oxygen content
6=0.064. Magnetization, susceptibility, and muon spin relaxation experimental data show that an unconven-
tional spin-glas¢SG) phase sets in fo6=0.06. A well defined SG-like transition occurs Bj=5 K for the
compound with maximum oxygen content. Beldy, however, the shape of susceptibility curves as well as
the u*-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 higheuprates is reported.
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Soon after the discovery of superconductivity in Design magnetometer, in the temperature range 1.8—300 K
Nd,_,Ce,Cu0O, (NCCO),! this system became one of the at different constant magnetic fields. Hysteresis and relax-
reference compounds in the framework of hiGhsupercon-  ation of the magnetization data were collected at2 K on
ductors(HTSC’s). It exhibits superconductivity for 0.:x  the sample with =0.064. The muon spin relaxation
=<0.18 and has a maximum transition temperatQrg (n*SR) data were collected at the ISIS facility, Rutherford
~25 K for x=0.15. The prime charge carriers are electrong®Ppleton Laboratory(U.K.), in the temperature range 0.06—
and for this reason NCCO s clearly distinguished from the300 K in zero and different Ionlglltl%dlnal magnetic fields.
hole-doped HTSC's. As in all HTSC cuprates, physical prop- _FOr 0Xygen conten5<0.045," “the magnetic suscepti-
erties are obviously strongly affected by charge carrier denPility x(T) data follow the typical behavior of superconduct-

L2 - - - ing samples? For 0.045< 5<0.06 12 the compounds are
sity p.“ The study of the magnetic properties on varyjng ’

o : . .~ :Standard paramagnets mainly due to the contribution of
leads to the determination of a rich phase diagram which i _ o
qualitatively similar for all the cuprate HTSC’s? Starting d(lil) ions to the total magnetization. NgkCe,;:CUQ;. 5

. displays a low-temperature SG-like behavior fér0.06.
frlf)méhgparefnt antnl‘_erromsagcn egAF) cc:(népogndoNgCqu The first evidence comes from the behavior of the zero-field-
(La,CuQ,  for By xohULy, ¥ BaLUs OF  cooled (ZFC) and field-cooled(FC) susceptibility data, re-
YBa,Cu;05,,), the magnetic ordering ¢ temperature of

64X N X X ) ported in Fig. 1 for the sample with=0.064 inH=40 G.
NCCO diminishes with increasing doping, unt=0.14  ag s well known?® the maximum in the ZFC data, occurring

yvhl%re the AF phase disappears and superconductivity sef§t—4 5 K, corresponds to the “spin freezing” temperature
in.”" The presence of an intermediate spin-gle&s) prjg\_se, T, and displaces toward lower temperatures by increasing
typical of La_,SrCuQ, and YB3Cu;Og.,x Systems, ™ in applied magnetic fielddata not reported

NCCO has been question&lin fact, due to substantial dif- The magnetization hysteresis curveTat 2 K displayed
ficulties in controlling the doping-carriers content, the detailsi; the inset of Fig. 2, confirms that the system undergoes a
of the HTSC magnetic phase diagram are strongly debatedin_glass transition rather than a transition to a magnetically

In NCCO the charge carrier density can be controlled nopqered state, as no hysteretic opening either in FC and ZFC
only by Ce doping but also by varying the oxygen content at

fixed Ce stoichiometry. In this paper we will focus on the 05

system Ng gCe 1CuQ,, 5.1*2 By changing the oxygen

amount at fixed Ce content, the transport and magnetic prop- 0.4f

erties of this compound are drastically modifféddefiningn g 03l

the number of electrons per Cu atom=0.15-26), the 3

system passes from nonsuperconducting to superconducting 5 027

behavior aih=ny=0.07. No detailed study of the magnetic =01t

properties as a function of the oxygen content until the maxi- 0.0 A

mum possible amount has been reported and we aim at fill- 0 5 10_15 20 25

ing this lack. The resulting magnetic phase diagram is quali- TH

tatively similar to all other highF. cuprates’® FIG. 1. Magnetic susceptibility=M/H vs temperature for the

Powder samples of NdsCe, 1sCuQ; ., s were prepared as Nd, gCe, 14CUO, 054 SAMple in a magnetic fielti =40 G. Both
described in Ref. 11, with excess oxygen contést0.06,  zero-field-cooledZFC) and field-cooled(FC) curves are shown.
0.062, 0.064. Magnetic susceptibility and magnetizationFor T>30 K the experimental data are reproduced by the charac-
measurements were performed by a MPMS-XL7 Quantumeristic paramagnetic behavigr=C/(T+ 6).

0163-1829/2003/680)/1045244)/$20.00 68 104524-1 ©2003 The American Physical Society



A. LASCIALFARI, P. GHIGNA, AND F. TEDOLDI PHYSICAL REVIEW B 68, 104524 (2003

27 T T T T
\ ZFC =10 0.30
26 1 + FC %
= 5{0 0.254
g 25¢ | 0
3 =-10 €
£ 24} 5 0.20-
o -80 -40 0 40 80 o
= H (G) x 10 8
2.3} . = 0154
2.2 D S Bt g
0 5 10 15 20 25 30 £ 0.10 g
time (10° sec) >
. o < 0.051
FIG. 2. Relaxation of the magnetization for the
Nd; gsCey 1CUO, ggaSample, collected at=2 K (solid circles; the 0.00
line is a fit of the data according to the model in Ef. In the inset 0

hysteresis data collected either in the ZFC and FC conditiofis at time (ms)

=2 K are shown. )
FIG. 3. Muon asymmetry of Ngs:Ce, 14CU0, g4 at two differ-

ent temperatures. The data &t=20 K are arbitrarily vertically
shifted by 0.1, for the sake of clarity. The presented data correspond
to two different temperature regimésee texk

conditions is observed. Relaxation data, howefg. 2),
collected atT=2 K by following the time evolution of the
magnetizationM (t) after zero-field cooling of the samples
and subsequent application of a magnetic fidle-7 T for

. 16 . _
about 5 min, point out the atypical character of the SG phaséwe of.complete. freezmtf. In the experlmenta! data.re
Two different relaxation time-scales are observed in the?Orted in Fig. 1, itis possible to observe the maximum in the

M(t) relaxation, so that the attempts to fit the data with£FC susceptibility aT =5 K that we attribute to the freezing
ssingle-exponential-ike” functions of the formM(t) of the Cu spins. The prOX|m|ty.of the two freezing points for
— Moexp(—atl%), typical of conventional SG'& fail. We Cu and Nd spin ensembles is probably the reason of the

suggest that at such low temperatures, either Cu and Nd io?'f?[_eakt)’let3 broaciﬁnllng Olf t]t‘fe rtrjaXImum Irt1_ the ZFC tcur¥?H Tﬂz
spins tend to freeze, giving rise to a complex SG phase. 1210 PEtween e local efiective magnetic moments at the

i ; —ngNdypgCu
fact, one obtains a good fit fovl (t) by using a superposition and Cu sites can be obtained @&sya/mc,=Mo /Mg~
of two SG-like relaxation functions, in the form =1.66/2.29-0.72, near the value 0.7 found for the magneti-

cally ordered related compound MouO, (data atT<8 K,
M ()= M Nd _ t1-dy 4 pjCu —ae Y, @ Ref. .14). D.ue to the presence of two_dn‘ferent sgbsets of
(1)=Mo exp(— angt™ ) Mg exp —agd™ ), (1) freezing spins, no scaling argument valid for the spin dynam-
with d=0.648, close to the valud=0.66 expected in the ICS in conventional SGRefs. 7,13 holds and the suscepti-
single-exponential evolution of magnetization in conven-Pility data cannot be fitted by using such scaling arguments.
tional SG formed by a unique type of spins. Further confirmation of the freezing of both sublattices of
To support our hypothesis, we remind what happens ifd @nd Cu spins fop=0.06 comes fromu "SR measure-
pure and slightly Ce-doped N@uO,, which are less disor- Ments. To study the temperature evolution of the spin dy-
dered systems than the ones considered here. By low&fing Namics of the two different sublattices, we analyzed the zero-
three different phase transitions to magnetically ordered latii€ld #SR data on the5=0.064 sample. The reader is
tices with different spins rearrangement octsee, e.g., Ref. referred to Ref. 20 for a more detailed examinationofSR

14). At T=255 K, the first phase transition occurs and the®XPeriments in longitudinal field and for a comparison be-
Cu spins show a three-dimensior{@D) AF order with a tween different samples. Here we just recall that the behavior

La,NiO,-type structure. AT=80 K a second phase transi- of P(t) as a function ofT andH remains qualitatively the
tion occurs, and the Cu spins rearrange in aQuO,type  Same for all the samples with=0.06. The zero-field data
structure. AtT=30 K a third transition is caused by the re- c@n be analyzed by distinguishing two different temperature
arrangement of Cu spins magnetic structéire La,NiO,  regimes:(l) 4.5<T<100 K, (Il) T<4.5 K (see Fig. 3 for
type agaif and, on a second sublattice, by the Nd ions AFtypical raw data in the two regimgsn all the experimental
order’*~29|t has to be remarked that at this temperature cfata, the usual background subtraction coming from muons
and Nd spins sublattices begin to strongly interact. In a waympPlanted out of the sample, was preliminarily performed.
analogous to the NECUO, case, in NglgCep 1:CUO, . 5, We After this subtraction, the muon polarization data can be fit-
expect the complete freezingften called extreme slowing t€d Py @ sum of three functions in the rangeand the sum
down) of the Cu spins at higher temperature with respect tPf two functions in the rangél). Let us now briefly describe

the Nd one; this means that, in E(), one hasayg> ac, the P(t) fits in the twq temperature regiops. _
[from the fit ayng=(0.175-0.0145"! and ac,=(7.44 (I) T>4.5 K. In this temperature regimé(t) is well
X104+ 2% 10"%)s%*1]. We remark that in the parent com- reproduced by a sum of two exponential functions plus a

pound NgCuQ,, the temperature at which Nd spins start to Gaussian static Kubo-Toyaf&,*'i.e.,
localize is higher with respect to Cu ones. HoweTgf is
indeed very different rgg> 70-100 K) from the tempera- P(t)=agexp —Agt) +agexp(—Agt) + fxr, (2
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FIG. 4. Temperature behavior Z&SR spin-lattice relaxation

Nd; g=Cey 16CUO, psa- The lowT flattening corresponds to Nd-spin

rates of Nd gCe&, 1:CUQ, gg4fOr muons in site AN g ()] and in site
B [As (b)]; see also text. The solid line marks the transition to thealso total asymmetry in Fig.(d)] because a local field, at
SG-like phase of Cu sublatticéc) Background subtracted total the muon site is present and the precession of the muon
initial apparent ZF muon asymmetry as a function of temperaturepolarization around this field occurs at too high frequencies
The loss of asymmetry is due to the presence of local fields at theg pbe detected at the RAL facilityH;,c> 700 Oe). Such be-
havior of Ag(T) reflects the slowing down of the Cu spin

muon sites.

where fir=[1/3+2/3(1- ¥, A%t?)exp(-1/2y2A%%)] (v,

freezing.

fluctuations when the Cu spins’ sublattice approaches the SG
transition temperaturé~4.5 K. Below 4.5 K, a short-range

=muon gyromagnetic ratid} =second moment of the dis- order of Cu spins is reached, and the related SG-like phase is

tribution of local fields at the muon sjteln Eqg. (2), the

thought to be similar to the one detected in LASCO and

relaxation rate\r is associated to muons relaxing faster andyBco high-T, systems for low holes-dopirty”°It should

\ g to muons relaxing slower.

P(t) = aSeXF( - Ast) + fKT .

©)

_ be remarked that in LASCO and YBCO systems the SG-like
(I) T<4.5 K. ForT<4.5 K the exponential component phase was evidenced QSR too’:?

with fast relaxation rate\p gives way to a loss of muon
asymmetry. The data can be fitted by

This picture is confirmed by the behavior pg(T) that

displays a peak foif ~4.5 K [Fig. 4(@]. This means that

muons farther from Cu spins are also sensitive to the
slowing-down of the(Cu) spin fluctuationgsee, e.g., Ref. 5

. From the above analysis we can conclude that the muong, 4 more extensive treatment of the effect of this slowing-
implant in three different sitesa) site A, muons near the Cu  4own on a spin-latticd; -like relaxation process

spins, where the muon polarization relaxes fast for
>4.5K; (b)_3|te_z B, muons farther from Cu spins, where the Fig. 5, the behavior of the second moment of the distribution
muon polarization relaxes slowly; arid) site C, near the Nd

spins, wheref 1 reflects the progressive localization of Nd

spins.

The total apparent initial muon asymmetifig. 4(c)]
starts to diminish by decreasifigfrom 100 K and displays a
further clear step al~4.5 K. We suggest that the loss of
muon asymmetry in the range 43 <100 K is due to
muons whose polarization precesses around the local field at
the muon site C, created by progressively localizing Nd
spins. The lowT (<4.5 K) loss of asymmetry is associated
to the component pertaining to muons in site A, and sets in

when the Cu spins slow down to give a SG phase.

We now discuss the spin dynamics as a function of tem-
perature in terms of the evolution of the different fit param-(ajned combining the data of the present work and those of Refs. 11

eters in Egs(2) and(3). The temperature behavior 8g(T)

shows a divergence by approachiiig-4.5 K from above,
typical of phase transitioRgsee Fig. 4b)]. As said above,
below 4.5 K this fast relaxing component disappea@se
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Let us finally concentrate on the KT-like component. In

FIG. 6. Magnetic phase diagram of NgCe,:CuQ,, s, 0Ob-

and 12. For§<0.045 the sample is superconducting while #br
=0.06 a low temperature “exotic” SG-like phase exists with Cu
(SG) and Nd(SGII) spin freezing. For intermediate doping, the
magnetic phase character is not yet established.
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of local fieldsA(T) at the muon site Gi.e., near the Nd ments is reportedSGI phasg while the characteristic SG
ions) is reported. As can be seen, starting frdm 100 K,  transition temperature for the Nd spif8GIl phasg cannot
A(T) tends to increase: &t~100 K its value is~1 us 1, actually be precisely estimated, due to the progressive char-
while it reaches a plateati(T)~9 us ! for T<2 K, cor-  acter of the Nd spin fluctuations slowing do#hA very
responding to a local fields distribution of widthH,.  recent paper proved the existence of a strict similarity in the
~600 Oe. This temperaturel (-2 K) can be identified as electronic structure between electrdhlCCO) and hole
the temperature of extreme slowing down of the Nd spins. (LASCO) doped cuprate¥. The present paper supports the
As a final result, the magnetic phase diagram of the comeonclusion that this similarity reflects directly in the mag-
pound Nd gsCe 15CUQ, . 5, deduced after our magnetic SUs- petic phase diagram.
ceptibility andu SR experiments, is reported in Fig. 6. While
for 6=<0.045 the system is superconducting, f3¢0.06 an The authors acknowledge F. Cintolesi and M. Scavini for
exotic SG phase sets in. In this phase the Cu and Nd spirtelp with somew* SR measurements, and P.J.C. King and
tend to order in two spatially disordered magnetic lattices. InJ.S. Lord for valuable experimental support.
Fig. 6 the freezing temperatuii, of the Cu magnetic mo-
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