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Bulk magnetic properties and phase diagram of Li-doped La2CuO4:
Common magnetic response of hole-doped CuO2 planes
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Although La2Cu12xLi xO4 ~Li-LCO! differs from La22xSrxCuO4 ~Sr-LCO! in many ways~e.g., the absence
of metallic transport, high-Tc superconductivity, and incommensurate antiferromagnetic correlations!, it has
been known that certain magnetic properties are remarkably similar. The present work establishes the detailed
bulk magnetic phase diagram of Li-LCO (0<x<0.07), which is found to be nearly identical to that of
lightly-doped Sr-LCO, and therefore extends the universality of the phase diagram to hole-doped but nonsu-
perconducting cuprates.
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I. INTRODUCTION

Depending on the nature and concentration of dopa
La2CuO4 ~LCO! displays a wide variety of phenomena su
as antiferromagnetism, spin glass~SG! behavior, an anoma
lous metallic response, and high-temperature supercon
tivity ~HTS!. Undoped LCO contains weakly coupled CuO2

planes and exhibits antiferromagnetic~AF! order of the Cu21

spin-1/2 moments belowTN'325 K. Replacement of Cu21

by nonmagnetic Zn21 or Mg21 models random spin dilution
leading the system into a disordered state at doping con
trations above;40%.1 On the other hand, substitution o
divalent alkaline earth cations for La31 or the introduction of
excess interstitial oxygen introduces hole charge carriers
the CuO2 planes which frustrate the spin system.2 A concen-
tration of x50.02 in La22xSrxCuO4 ~Sr-LCO! is enough to
destroy the AF order; this value is one order of magnitu
smaller than for the spin-dilution case. Spin freezing h
been found at low temperatures in the AF doping regi
(x,0.02),3 with recent direct evidence for electronic pha
separation.4 Further doping (x.0.02) leads to the emergenc
of a SG phase,5–7 followed by superconductivity forx
'0.06–0.25. SG order is found to coexist wi
superconductivity,8 with no apparent anomaly in the SG tem
perature at the doping levelx;0.06 at which superconduc
tivity first occurs.8–10 The phase diagram of th
substitutionally-doped bilayer material Y12xCaxBa2Cu3O6
~Ca-YBCO! closely resembles that of Sr-LCO,9 and spin
freezing has also been found in LCO~Ref. 11! and YBCO
~Ref. 12! doped with excess oxygen.

The extrapolated disappearance of SG order in Sr-L
and Ca-YBCO appears to coincide with the doping leve
which the normal state pseudogap extrapolates to zero, a
has been suggested that this might be consistent with pre
tions involving quantum criticality.10,13,14 In the d-density
wave picture of HTS,13 the reason for the lack of a genuin
phase transition at the pseudogap temperature is that the
order present in all existing cuprates corrupts thed-density
wave order and transforms the transition into the lo
0163-1829/2002/66~18!/184512~5!/$20.00 66 1845
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temperature SG transition. While the freezing ofd-density
wave fluctuations is one proposal for the origin of the SG
doped cuprates, there also exist other interpretations.5–7,15–18

For example, it has been argued that the glassiness foun
doped Mott insulators may be self-generated, due to
competition between interactions on different length sca
and that quenched disorder may merely further stabilize
order.17 The most discussed scenario has been the so-ca
cluster SG,5,6 with holes on the cluster boundaries and in t
clusters giving rise to SG physics and to the experiment
observed incommensurate spin correlations.7

Given the enormous interest in the connection betw
magnetic correlations and HTS, it would be valuable to
vestigate the detailed magnetic properties of related, non
tallic materials such as La2Cu12xLi xO4 ~Li-LCO!.19–23Since
Li1 not only provides one hole carrier, but also remove
Cu21 spin, this system experiences the dual effects of s
dilution and frustration. Unlike Sr-LCO, Li-LCO does no
superconduct19 and shows no evidence of incommensura
AF correlations.23 However, early work on polycrystalline
samples reported a rapid suppression of AF order w
doping,20–22 similar to Sr doping rather than Zn doping, an
evidence for spin freezing in the Ne´el state.22 The remark-
able similarity of magnetic properties of lightly doped L
LCO with those of Sr-LCO has been interpreted as due t
collective behavior of the holes.22 Therefore, in connection
with HTS, the detailed magnetic properties and phase
gram of Li-LCO are of considerable interest. Experimenta
spin freezing is observed at a different temperature, depe
ing on the time scale of the probe.7,24 Unlike NQR,3,22

mSR,9,10 and neutron scattering,4,7 magnetometry using a su
perconducting quantum interference device~SQUID! is es-
sentially a static probe, allowing a more accurate extract
of the SG transition temperatureTsg.6,7 Our results for
lightly-doped samples demonstrate the feasibility of us
bulk magnetometry to extract spin freezing temperatures
the Néel regime. The present magnetometry study establis
the existence of a nearly quantitative agreement of the b
magnetic phase diagram of Li-LCO with that of Sr-LCO
©2002 The American Physical Society12-1
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Since the strength and type of the disorder as well as
charge transport differ significantly in these two materia
this finding places constraints on the origin of the SG
grees of freedom in hole-doped cuprates.

II. EXPERIMENT

Using the traveling-solvent floating-zone method,25 we
have succeeded in growing large single crystals
La2Cu12xLi xO4 (0<x<0.07). The crystal axes were pre
cisely determined by the x-ray Laue backscattering te
nique. In order to eliminate possible hole doping by exc
oxygen, the crystals were carefully heat treated under red
ing conditions. The Li concentrations were estimated
within 60.003 from x-ray diffraction measurements of th
lattice constants.21 For a few samples, we confirmed this e
timate using neutron diffraction to determine structural a
Néel transition temperatures.21 All magnetometry data re
ported here were taken with a commercial SQUID magne
meter with the magnetic field along the tetragonala axis.

III. RESULTS AND DISCUSSIONS

Figure 1 summarizes the temperature and doping de
dence of the magnetic susceptibility of La2Cu12xLi xO4,
taken with a field ofH50.1 kOe along the tetragonala-axis.
The data exhibit several features which systematically s
with doping up tox50.03, and change their nature abo
this doping level. Earlier powder studies had demonstrate
rapid suppression of the AF order with Li doping,20–22 and
the Li concentration at which Ne´el order is lost correspond
to x;0.03. The doping dependence of the Ne´el temperature
determined by local20,22 and bulk21 magnetic probes agre
quite well, and until now this has been the only magne
phase boundary known in the Li system. However,

FIG. 1. Magnetic susceptibility of La2Cu12xLi xO4 with a sys-
tematic change ofx. A magnetic fieldH50.1 kOe was applied par
allel to the tetragonala axis.
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present results indicate that the phase diagram in Li-LCO
more complicated than what has been determined from p
der samples.

mSR results indicate magnetic order at low temperatu
even up tox;0.10,20 but bulk magnetization measuremen
in powder samples only show spin paramagnetism fox
.0.03.21 The temperature dependent susceptibility forx
.0.03 can therefore be expressed by the extended Cu
Weiss formula

x~T!5x01
C

~T2Q!
, ~1!

where x0 , C, and Q are theT-independent susceptibility
Curie constant, and Curie-Weiss temperature, respectiv
Figure 2 showsx(T) for x50.05. As in the earlier powde
report,21 paramagnetism is observed in the high temperat
regime. A fit to Eq.~1! ~solid line in Fig. 2! resulted inx0
52.3531027 emu/g, C57.1831026 emu K/g, and Q
,0.5 K. We note that these parameters are roughly com
rable with those Sr-LCO:x050.431027 emu/g for x
50.04,6 C52 –531026 emu K/g, and Q50 K for x
50.03–0.05.6,7

At low temperatures,x(T) deviates significantly from a
Curie-Weiss law and shows signatures of a SG. As descr
in detail below by the appropriate limits of the scaling fun
tion, the SG order parameter in the zero-field limit increa
from zero upon cooling belowTsg, which leads to a decreas
of x(T) for T,Tsg. Furthermore, the resulting peak b
comes broader as the applied magnetic field is increased
to the enhancement of the order parameter both above
belowTsg. This behavior is demonstrated in the inset of F
2. From the peak in the lowest field~H50.1 kOe) we deter-
mined Tsg56.2(1) K, which should be compared toTsg
55.0(5) K for Sr-LCO with x50.05.7 Hysteresis below
Tsg, observed between zero-field-cooled and field-coo
curves, is indicated with the help of arrows in the inset
Fig. 2. Such a behavior is also characteristic of a SG. O
serving these features in either small crystals or polycrys
line samples would be difficult because they beco

FIG. 2. Magnetic susceptibility of La2Cu0.95Li 0.05O4. A mag-
netic fieldH50.1 kOe was applied parallel to the tetragonala axis.
The solid curve is a Curie-Weiss fit of the high-temperature da
The inset shows the low-temperature behavior at various fie
Arrows indicate theT-scan directions.
2-2
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BULK MAGNETIC PROPERTIES AND PHASE DIAGRAM . . . PHYSICAL REVIEW B66, 184512 ~2002!
obscured as the field is increased, or when the field direc
is canted away from the CuO2 plane.

The large oriented single crystals used in the present s
have enabled us to further characterize the SG state by m
of a critical scaling analysis of the SG order parameterq,
which is experimentally associated with the deviation of
observed equilibrium~field-cooled! susceptibility x(T,H)
from Curie behavior.26 Normalization to satisfy 0<q<1
yields

q~T,H !5F S x01
C

T D2x~T,H !G Y S C

T D . ~2!

Theoretically, the SG transition should obey a scal
relation26 as observed in other critical phenomena. Using
reduced temperaturet5(T2Tsg)/Tsg and a scaling function
F6(z), the SG order parameter is defined as

q~T,H !5utubF6~H2/utuf!, ~3!

whereb andg5f2b are the critical exponents characte
izing the SG state.26 The behavior of the scaling functio
F6(z) is well known in the following three limits:~i!
F1(z→0)50 (t.0), ~ii ! F2(z→0)5const (t,0), and
~iii ! F6(z→`)5zb/f. Because a relationq;tb is immedi-
ately found from limit~ii !, the exponentb can be estimated
from the slope in a log-log plot ofq ~below Tsg) versust in
the limit of zero field. Such an analysis is performed in F
3~a!, and an estimate ofb50.7(1) is obtained. Similarly,
using the limit ~iii !, the other exponent,f, can be deter-
mined from the dependence ofq on H2 at Tsg from the rela-
tion q(Tsg,H)5(H2)b/f. The slope in Fig. 3~b! then gives
b/f50.163(5) orf54.3(8).

FIG. 3. Scaling analysis of the data in Fig. 1. SG order para
eter q as a function of~a! reduced temperaturet and ~b! field
squaredH2. ~c! Scaling plot of the SG order parameter.
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Now that we have a good estimate of the critical exp
nents, we can directly test the scaling relation described
Eq. ~3!. As shown in Fig. 3~c!, we obtain excellent scaling
Through the process of getting the best scaling result, sh
in Fig. 3~c!, the critical exponents have been optimized fu
ther: b50.78(5) andg54.1(5).

The same SG features as forx50.05 were observed fo
x50.06 and 0.07. The critical exponents obtained in t
manner do not depend onx, althoughTsg decreases withx.
We note that, in addition to the comparable values ofTsg, the
critical exponents are found to be almost identical to those
Sr-LCO,6,7 suggesting the existence of the same SG stat
both systems. While the observed exponents are consis
with those of canonical SG materials,6 we note that recen
results for untwinned Sr-LCO crystals reveal unconventio
anisotropic behavior.27

For x,0.03, the magnetic susceptibility differs from th
for x.0.03. Data forx50.02 are shown in Fig. 4~a!. Two
magnetic anomalies are present. One is a high-tempera
cusp associated with the AF transition which has alrea
been observed in powder samples.21 As shown in Fig. 4~b!,
neutron data complement the SQUID observations, prov
ing unambiguous evidence of a well-defined Ne´el transition
around this high-temperature bump. We have confirmed
development of the antiferromagnetic peak at the~1,0,0! po-
sition ~orthorhombic notation! just below the susceptibility
anomaly, and determined the Ne´el temperature to beTN
5135 K. The second anomaly, recognized well belowTN ,
appears somewhat analogous to the SG behavior found
x.0.03 in that we find hysteresis below the anomaly and
onset temperature of magnetic irreversibility is compara
to Tsg for x.0.03. Neutron characterization furthermore r
vealed a sharp structural transition from the tetragona
orthorhombic phase at 490 K, consistent with a doping le
of x50.02.21 This indicates that our samples have a hi
degree of chemical homogeneity, and that the observed m

-

FIG. 4. ~a! x(T) of La2Cu0.98Li 0.02O4 as a function of tempera
ture underH50.1 kOe. The inset magnifies the low-temperatu
behavior at various fields.~b! T dependence of the integrated inte
sity of the ~1 0 0! antiferromagnetic neutron peak~orthorhombic
notation!. The power-law fit~solid curve! givesTN5135 K, which
corresponds well to the cusp in the susceptibility.
2-3
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SASAGAWA, MANG, VAJK, KAPITULNIK, AND GREVEN PHYSICAL REVIEW B 66, 184512 ~2002!
netic anomaly is intrinsic to thex50.02 phase. Local-prob
139La-NQR andmSR experiments have reported a cor
sponding spin-freezing within the AF state in Sr-LCO~Refs.
3 and 9! and Li-LCO.22 This has been ascribed to the co
tinuous freezing of the spins of the doped holes on the a
ferromagnetic background,3 with independent ordering o
Cu21 spins and doped holes,9 or due to a collective hole
behavior.22 However, to the best of our knowledge, this sp
freezing has not been reported thus far from bulk magnet
etry for the cuprates. Because the SG behavior is very
sitive to the dopant concentration (x-dependence will be dis
cussed later! and to the field direction, the success of t
present observations depended greatly on high-quality si
crystals as well as extended measurements in the
temperature region.

Although the second anomaly appears to be a SG tra
tion, further characterization in terms of critical scalin
analysis is not possible due to the ambiguity in the definit
of the SG order parameter. Nevertheless, it would be wo
while to determine a characteristic freezing temperatureTf .
We defineTf as the lower-temperature ‘‘shoulder’’ of th
zero-field-cooled data at lowH, which corresponds to the
onset of magnetic hysteresis forx50.02, as seen in the inse
of Fig. 4~a!. We note that, although not shown here, a chan
in the imaginary part of the ac susceptibility was also o
served at this temperature, which can be associated with
drastic change of the spin response due to the onset o
spin freezing.

Our results yield the phase diagram summarized in Fig
NQR (x,0.02) ~Ref. 3! and magnetometry (x.0.02) ~Ref.
7! data from Sr-LCO single crystals are included for co
parison. Despite the different nature of the dopants, the ph
boundaries for these two compounds are almost ident
Figure 5 demonstrates thatTf;x as in Sr-LCO, opposite to
the trend with doping for eitherTN or Tsg. We find Tf
5(339(14) K)3x, as compared toTf'(815 K)3x for Sr-
LCO from 139La NQR.3

The dopant concentrations at which Ne´el order is lost in
the two materials differ by a factor of;2/3. Qualitatively,

FIG. 5. Magnetic phase diagram for La2Cu12xLi xO4 ~filled sym-
bols! and La22xSrxCuO4 @open symbols; from NQR (x,0.02)
~Ref. 3! and magnetometry (x.0.02) ~Ref. 7!#: circles for the Ne´el
temperatureTN , triangles for the onset of the SG-like anomalyTf ,
and squares for the SG temperatureTsg. Inset: scaled phase dia
gram.
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this shift of the phase boundaries can be understood to re
from reduced magnetic frustration in the Li-doped system28

As shown in the inset of Fig. 5, when normalized by th
factor, Tsg for Li-LCO (x.0.03) quantitativelyagrees with
the SG temperature for Sr-LCO. Since NQR and magneto
etry probe very different time scales, systematic Sr-LC
magnetometry data forx,0.02 would be very desirable for
proper quantitative comparison at low doping.

Recent neutron scattering results reveal direct evide
for electronic phase separation in Sr-LCO (x,0.02) into re-
gions with hole concentrations'0 and'0.02.4 The latter
phase exhibits diagonal stripes.7 Spin freezing occurs below
the doping-independent phase separation temperatureTps
'30 K determined from neutron scattering,4 and consistent
with previous NQR results.3 For Li-LCO, on the other hand
commensurate AF correlations have been both predict29

and observed,23 consistent with the expected stronger pi
ning potential of the in-plane dopant Li1. Consequently, the
cluster model, originally proposed for Sr-LCO, but whic
predicts commensurate AF correlations, might more ac
rately describe the physics of the Li-doped variant.16 This
model predictskBTf;Jeffx, where Jeff is the effective in-
plane exchange coupling constant.16 While this linear doping
dependence is indeed consistent with our observations,
same behavior is found in Sr-LCO.3 On the other hand, it has
been speculated thatTf in Sr-LCO might depend linearly on
the volume fraction of the SG phase.4 The close analogy
between the NQR~Refs. 3 and 22! and bulk magnetic prop-
erties of the two materials suggests that Li-LCO might ph
separate as well.

At higher hole concentrations, the behavior of the carri
differs significantly between Li-LCO and Sr-LCO. The latt
material shows an insulator to metal transition and HT
while the former remains insulating. What is particularly i
teresting from our present observations is that, in spite of
great difference in charge dynamics forx.0.03, the spin
degrees of freedom measured via magnetometry are rem
ably similar in both compounds. Both materials show a s
glass transition, with comparable transition temperature
the same doping value and with the same critical expone
The values ofTsg(x) for the more disordered material Li
LCO lie above those of Sr-LCO. The relative shift of the S
phase boundaries likely results from an effective decreas
magnetic frustration due to the presence of nonmagnetic1

in Li-LCO.28 In this context, it is worth noting that the mag
netic phase boundaries in the double-layer cuprates9,10 lie
above those of both Li-LCO and Sr-LCO. While differenc
in the strength and type of disorder might play a subtle r
in setting the temperature scales for Ne´el and SG order, we
believe that the predominant effect is the difference in
effective three-dimensional AF coupling between single- a
double-layer materials. Specifically, while the interplanar A
coupling is nearly frustrated in doped LCO, this is not t
case for the double-layer materials. On the other hand,
relative insensitivity of the low-temperature magnetic pha
boundaries of the structurally identical materials Li-LCO a
Sr-LCO to the type and strength of the quenched disorde
consistent with the notion that the glassiness in these do
Mott insulators is primarily self-generated.17
2-4
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IV. CONCLUSION

The bulk magnetic properties of Li-LCO single crysta
are found to be richer than previously reported from pow
samples. Our results demonstrate the feasibility of extrac
low-temperature freezing temperatures in the Ne´el state from
magnetometry, and call for similar measurements in ot
cuprates for a proper quantitative comparison. We find t
Tf;x, which also has been reported for Sr-LCO. Since
spin freezing in the latter material occurs in a phase se
rated state, the close similarity between the doping dep
dence of the freezing temperature suggests that lightly do
Li-LCO might phase separate as well, despite the stron
pinning potential of the in-plane dopant Li1. Outside of the
Néel phase, the spin glass phase boundaries differ by a m
scale factor for the effective doping level. The experimen
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results for Li-LCO obtained here extend the universality
the bulk magnetic phase diagram to hole-doped but n
superconducting cuprates.
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