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Common Phase Diagram for Antiferromagnetism inLa22xSrxCuO4
and Y12xCaxBa2Cu3O6 as Seen by Muon Spin Rotation
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By zero field muon spin rotation we studied the antiferromagnetic correlations in the single layer
system La22xSrxCuO4 and the bilayer system Y12xCaxBa2Cu3O6. We observe a common phase
diagram as a function of hole doping per plane with two distinct transitions in the magnetic ground
state. The first transition marks the border between the 3D antiferromagnetic state and a disordere
state with short ranged correlations. The second transition marks a distinct change in the magnet
correlations at the onset of superconductivity. [S0031-9007(98)05990-0]

PACS numbers: 74.25.Ha, 74.62.Dh, 76.75.+ i
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A characteristic feature of the cuprate high-Tc super-
conductors is the strong dependence of their magnetic a
superconducting (SC) properties on the number of ho
doped into the CuO2 planes. The undoped compound
La2CuO4 and YBa2Cu3O6 are insulators and exhibit long
range 3D antiferromagnetic (AF) order, which is rapidl
destroyed as holes are doped into the CuO2 planes. Su-
perconductivity occurs beyond a critical hole content
psh ø 0.05 0.06, wherepsh is the fraction of doped holes
per Cu atom in the CuO2 sheet. The critical temperature
Tcspshd follows a universal, approximately parabolicpsh

dependence, which appears to be common to the hi
Tc cuprates, and all that varies is the optimal valueTc,max
[1,2]. In La22xSrxCuO4 (La,Sr-214) a short range ordere
AF state is known to persist at intermediate doping f
0.02 , psh , 0.05. Previous muon spin rotationsmSRd
studies on La,Sr-214 have indicated that this short ran
AF correlated state even coexists with SC in the strong
underdoped regime for0.05 , psh , 0.1 [3]. For the
YBa2Cu3O72d (Y-123) system, the regime of low dop-
ing is not readily accessible since the hole transfer fro
the CuO chains to the CuO2 planes is rather complex and
depends critically on oxygen ordering and content. In th
paper, we present the results of an extensivemSR reinves-
tigation of the doping dependence of the AF correlation
polycrystalline La,Sr-214 samples. In addition, we stu
ied the bilayer compound Y12xCaxBa2Cu3O6 (Y,Ca-123)
for which, because of the unoccupied chains,psh can be
adjusted in a controlled way through the substitution
Y31 by Ca21. We obtain a common magnetic phase di
gram as a function ofone parameter,psh, which suggests
that we observe the intrinsic property of the electron
ground state of the CuO2 planes.

A series of powder La,Sr-214 samples was prepar
using conventional ceramic techniques. The preparat
of Y,Ca-123 samples has been described previously [
From neutron refinement, the occupancy of Ca on the
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site was found to be close to 100% up tox  0.15 [2] but
somewhat reduced for higher Ca content, i.e.,xeff  0.18
in the case ofx  0.2. The substitution of Y31 by Ca21

produces holes in the CuO2 planes givingpsh  xeffy2.
This is indicated by the variation ofTc with Ca content
(for fixed oxygen content) and has been confirmed
optical studies [4], by measurements of the thermoelect
power and by bond-valence sum calculations [2].

The zero field muon spin rotationsZF-mSRd technique
[5] is especially suited for the study of weak and sho
range magnetic correlations, since the positive muon
an extremely sensitive local probe able to detect intern
magnetic fields as small as 0.1 mT and covering
time window from 1026 s to about1029 s. The mSR
experiments were performed at the Paul-Scherrer-Inst
in Villigen, Switzerland and at TRIUMF in Vancouver,
Canada. Representative ZF-mSR time spectra are shown
in Fig. 1. At low temperature and forpsh # 0.08, the
time evolution of the muon spin polarization is wel
described by the ansatz:

Gzstd 
2
3

cossgmBmt 1 Fd exp

µ
2

1
2

sgmDBmtd2

∂
1

1
3

exps2ltd ,

where gm  851.4 MHzyT is the gyromagnetic ratio of
the muon,Bm the average internal magnetic field at th
muon site, andDB its rms deviation. The two terms
arise from the random orientation of the local magnet
field in a polycrystalline sample, which on average poin
parallel (perpendicular) to the muon spin direction wit
probability 1

3 s 2
3 d [5]. In analogy to NMR the dynamic

spin lattice relaxation ratel  1yT1 is given by
1
T1

 g2
mkB2

t l
tc

1 1 svmtcd2 .

A slowing down of magnetic fluctuations typically cause
a maximum of 1yT1 at vmtc ø 1, where vm is the
© 1998 The American Physical Society 3843
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FIG. 1. ZF-mSR spectra obtained at low tempera
tures sT , 1 Kd for various degrees of hole doping in
Y12xCaxBa2Cu3O6.02s1d and La22xSrxCuO4. Dotted curves are
the fit to the data using Eq. (1).

m1 Zeeman frequency,kB2
t l is the mean of the square

of the fluctuating transverse field components, andtc is
their average correlation time. A precessing2

3 component
indicates static magnetic order on the time scale
the mSR techniquestc , 1026 sd. For psh . 0.08, no
oscillations were observed and the2

3 part of Gzstd was
better represented by an exponential relaxation exps2Ltd
[see Fig. 1(c)], which may indicate either a very strongl
disordered static field distribution or rapid fluctuations.

The phase diagram as a function of hole doping e
hibits three distinct magnetic regimes. In regime I of th
undoped and lightly doped systems, the Cu21 spins and
those of the holes order independently. As an examp
we discuss the data on Y0.94Ca0.06Ba2Cu3O6.02 which are
displayed in Fig. 2. Well below the 3D Néel temperatur
of TN , 170 K a second magnetic transition occurs at
temperatureTf , 25 K. This is evident from the peak in
the longitudinal relaxation rate1yT1 and the upturn of the
muon spin precession frequency. A corresponding tran
tion within the AF state has been reported recently fro
La-NQR [6] andmSR studies [7] on La,Sr-214, where
Tf  s815 Kd ? psh has been obtained forpsh , 0.02.
This transition was ascribed to a freezing of the spins
the doped holes into a spin-glass state which is superi
posed on the preexisting 3D AF long range order of th
Cu21 spins. Interestingly, we find that the spin freezin
temperatureTf exhibits the same linear dependence o
the planar hole content for Y,Ca-123 and La,Sr-214 [s
Fig. 3(a)]. According to the model of Goodinget al. [8],
in which kBTf ø Jeffpsh, this implies that the effective
in-plane exchange coupling constantJeff is identical for
both systems and the freezing of the spin degrees of fre
dom is a property of the hole dynamicswithin a single
3844
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FIG. 2. ZF-mSR results on Y0.94Ca0.06Ba2Cu3O6.02s1d plotted
as a function of temperature. (a) The muon spin precess
frequency and (b) the longitudinal relaxation rate1yT1. The
dotted line in (a) represents a fit of the data with a power la
s1 2 TyTN db with b  0.2.

plane. The Néel state, however, persists to higher ho
content in Y,Ca-123s0 # psh # 0.035d as compared to
La,Sr-214spsh # 0.02d. This suggests that the bilaye
coupling makes the 3D AF state more robust to the pr
ence of doped holes. A similar result was reported from
89Y NMR study ofTN in Y,Ca-123 [9].

Only a single magnetic transition into a short rang
AF correlated spin-glass-like state [10] is observed
regime II for psh . 0.02 in La,Sr-214 [11] andpsh .

0.035 in Y,Ca-123. This transition is characterized by
slowing down of the AF fluctuations towards a glass tra
sition which is defined by the maximum in1yT1 (corre-
sponding to a correlation time of the spin fluctuations
about 1027 s). Tg is significantly higher due to bilayer
interactions in Y,Ca-123 than in La,Sr-214. It is remar
able that the average internal field at the muon site is o
modestly reduced in regime II (as compared to regime
while the transition temperature is lowered by about 1 o
der of magnitude. This is illustrated in Fig. 3(b), wher
we display the zero temperature limit of the internal fie
at the muon site normalized to its value at zero dopin
BmsT  0, pshdyBmsT  0, psh  0d. The width of the
field distribution DB, which is a measure of the degre
of disorder of the magnetic state, increases in this regi
with hole doping, as can be seen in Fig. 3(c). The mo
est reduction of the average internal field in regime
and the strong increase ofDB with hole doping can be
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FIG. 3. Magnetic phase diagrams as a function of th
hole concentration per CuO2 sheet for La22xSrxCuO4 (open
symbols) and Y12xCaxBa2Cu3O6.02 (solid symbols). (a) In
regime I, two transitions are observed. The Néel temperatur
TN (squares), at which the Cu21 spins order into a 3D AF state
and a freezing transition of the spins of the doped holes
Tf  s815 Kdpsh (circles, including data from Ref. [7]).Tg
indicates a transition into a spin-glass-like state (up triangle
regime II) with strong magnetic correlations which coexis
with superconductivity in regime III. Diamonds represen
the superconducting transition temperatures. (b) Dopin
dependence of the normalized average internal magnetic fi
at the muon site. The star atpsh  0.12 represents the data
for La1.58Nd0.3Sr0.12CuO4. (c) The rms deviationDB. Data in
(b) and (c) are forT , 1 K.

understood in terms of a phase separated electronic st
where the holes segregate into metallic domains leavi
mesoscopic hole poor regions with AF strongly correlate
Cu21 spins. The AF order then is limited mainly by finite
size effects [6,12,13], where the sizeL of the AF domains
is determined by the hole content,Lspshd , s1ypshd1y2.
The spin-glass temperature is then expected to vary
Tg , L2spshd , 1ypsh [14], in qualitative agreement with
experiment. Unlike conventional spin glasses, the ma
netic moments undergoing the glass transition arise fro
extended AF correlated domains. Accordingly, this sta
has been termed a “cluster spin glass.”

The spin glass regime extends far into the SC sta
(regime III). For strongly underdoped SC samples wit
0.06 , psh , 0.10, we still observe a freezing of the spin
e
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degrees of freedom. Except for the somewhat smaller o
dering temperature, the signature of the transition is th
same as for the non-SC samples in regime II. From th
amplitude of the rapidly damped muon spin polarizatio
[see Figs. 1(b) and 1(c)], we can obtain information abo
the volume fraction of the magnetically correlated region
We find that all of the muons stopped inside the samp
experience a nonzero local magnetic field, which implie
that the magnetic order persists throughout the entire v
ume of the sample. The magnetic ground state may s
be inhomogeneous but the size of the nonmagnetic ho
rich regions must be smaller than the typical length sca
(about20 Å) of the mSR experiment. By decoupling ex-
periments in a longitudinal field we have confirmed th
static nature of the magnetic ground state [15]. From tran
verse field measurements we find that the flux line lattic
which is formed belowTc . Tg extends throughout the
entire volume of the sample [16]. Note, that these re
sults are markedly different from themSR results that have
been obtained on the “superoxide” La2CuO4.13, where long
range oxygen diffusion leads to macroscopic phase se
ration with an average domain size of about3000 Å [17].
In this compound, finite-size effects are negligible and th
hole-poor phase (40% of the volume fraction) displays
temperature dependence and absolute values of the inte
fields identical to those in stoichiometric La2CuO4. Simul-
taneously, a flux line lattice forms only within the hole-rich
regions which accounts for the remaining 60% of the vo
ume [18]. As described above, our presentmSR results are
fundamentally different and indicate a microscopic coexi
tence of the AF and SC order parameter. We want to stre
that identical magnetic behavior is observed for both th
single layer system La,Sr-214 and the bilayer compoun
Y,Ca-123.

The consistency of our results suggests that the coex
tence of SC and AF order is an intrinsic property of th
CuO2 planes and not an artifact of chemical or structura
impurities. Our data show that the strength of the A
correlation is determined solely by the hole content of th
CuO2 planes and does not depend on the concentrati
of dopant atoms. For a given hole content the numb
of dopant atoms (Ca21 or Sr21) is twice the number in
Y,Ca-123 compared to La,Sr-214.

In contrast toTg which evolves rather smoothly, the
internal magnetic field at the muon site exhibits a stron
change for psh ø 0.06 2 0.08 as one enters the SC
regime. The change in slope is rather significant an
indicates a distinct change in the ground state propert
of the CuO2 planes. From themSR experiment alone,
we cannot decide whether it is the competition betwee
the AF and the SC order parameter or an underlyin
change of the electronic properties of the CuO2 planes
which causes the suppression of the internal field. Furth
experiments will be required in order to clarify if the SC
order parameter is affected by the static AF correlation.

Notably, the AF correlation is fully restored atpsh ø 1
8 .

A depression ofTc at this hole concentration at first
3845
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FIG. 4. ZF-mSR spectra of La1.93Sr0.07CuO4 and
La1.58Nd0.3Sr0.12CuO4 for T  100 mK and T  10 K,
respectively. The latter temperature was chosen to avoid t
extra complications associated with the effects of the slowin
down of the Nd moments below this temperature.

appeared to be uniquely present in La22xBaxCuO4 [19],
but recent studies on La22xSrxCuO4 [20] have shown
the presence of a shallow cusp at the same dopi
level, and this behavior may also be related to the 60
plateau in Y-123 [21]. DetailedmSR studies by Luke
et al. and Kumagaiet al. [22] show that at this doping
level static magnetic order is restored at temperatur
below 35 K. Tranquadaet al. [23] showed that the static
order in La1.620.125Nd0.4Ba0.125CuO4 comprised a spatial
separation of the spin and charge into AF stripes thre
lattice spacings wide (hole poor) separated by antipha
domain boundaries of one lattice dimension where th
doped holes reside on every second site. If we consid
a picture in which a stripe phase were to be establish
through connectivity of the hole doped regions alread
existing in regime II, the averaged internal magnetic fiel
is expected to be 75% of the value of the undope
compound. Interestingly, this value is observed for bot
the SC compound La1.93Sr0.07CuO4 and the non-SC static
stripe phase compound La1.58Nd0.3Sr0.12CuO4. Moreover,
as displayed in Fig. 4, the measured time evolution o
the muon spin asymmetry is almost identical for bot
compounds, suggesting the presence of similar loc
magnetic order.

In summary, we have studied the magnetic phase d
agram for the single layer system La22xSrxCuO4 and
the bilayer compound Y12xCaxBa2Cu3O6. We observe
a common phase diagram which is characterized by tw
distinct transitions of the magnetic ground state. In th
3D AF regime we observe a freezing of the spin de
grees of freedom of the doped holes at a temperatu
Tf , which increases linearly with the number of dope
holes in both systems, suggesting that the hole dynam
in a single plane is responsible for the observed beha
ior. Because of plane to plane correlations, this regim
3846
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extends to higher hole concentrations in the bilayer sy
tem. For higher doping levels (regime II), we observ
a single magnetic transition into a spin-glass-like sta
with TgsY,Ca-123d . TgsLa,Sr-214d and extending well
into the superconducting regime III. The evolution o
the internal magnetic field with doping is understoo
on the basis of a microscopic phase segregation of
doped holes into hole-rich and hole-poor regions. We o
serve a microscopic coexistence of superconductivity a
frozen antiferromagnetic correlations at low temperatur
for underdoped samples. The strength of the AF corre
tions is determined by theplanar hole contentand does
not depend on the concentration of dopant atoms. T
rapid reduction of the internal magnetic field for the S
samples may suggest some competition between the
and the SC order parameters, where the sublattice mag
tization is reduced with the onset of superconductivity.
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