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By zero field muon spin rotation we studied the antiferromagnetic correlations in the single layer
system La_,Sr.CuQ, and the bilayer system ¥,CaBaCuOs. 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 disordered
state with short ranged correlations. The second transition marks a distinct change in the magnetic
correlations at the onset of superconductivity. [S0031-9007(98)05990-0]

PACS numbers: 74.25.Ha, 74.62.Dh, 76.75.+i

A characteristic feature of the cuprate high-super- site was found to be close to 100% upxite= 0.15 [2] but
conductors is the strong dependence of their magnetic argbmewhat reduced for higher Ca content, ixgy, = 0.18
superconducting (SC) properties on the number of holei the case oft = 0.2. The substitution of ¥* by Ca&*
doped into the Cu@planes. The undoped compoundsproduces holes in the Cu(planes givingps, = xefr/2.
La,CuQ, and YBaCuw;Oq are insulators and exhibit long This is indicated by the variation df. with Ca content
range 3D antiferromagnetic (AF) order, which is rapidly (for fixed oxygen content) and has been confirmed by
destroyed as holes are doped into the €planes. Su- optical studies [4], by measurements of the thermoelectric
perconductivity occurs beyond a critical hole content ofpower and by bond-valence sum calculations [2].
psh = 0.05-0.06, wherepy, is the fraction of doped holes  The zero field muon spin rotatio@ZF- 1 SR) technique
per Cu atom in the CuQsheet. The critical temperature [5] is especially suited for the study of weak and short
T.(psy) follows a universal, approximately parabolig,  range magnetic correlations, since the positive muon is
dependence, which appears to be common to the higlan extremely sensitive local probe able to detect internal
T. cuprates, and all that varies is the optimal valug,.x =~ magnetic fields as small as 0.1 mT and covering a
[1,2]. InL&-,Sr.CuQ, (La,Sr-214) a short range ordered time window from 107° s to about10™°s. The uSR
AF state is known to persist at intermediate doping forexperiments were performed at the Paul-Scherrer-Institut
0.02 < pg, < 0.05. Previous muon spin rotatioquSR)  in Villigen, Switzerland and at TRIUMF in Vancouver,
studies on La,Sr-214 have indicated that this short rang€anada. Representative 4FSR time spectra are shown
AF correlated state even coexists with SC in the stronglyn Fig. 1. At low temperature and fopy, = 0.08, the
underdoped regime f00.05 < pg, < 0.1 [3]. For the time evolution of the muon spin polarization is well
YBa,Cuw;0;,-5 (Y-123) system, the regime of low dop- described by the ansatz:
ing is not readily accessible since the hole transfer from 2 1 5
the CuO chains to the Cu(lanes is rather complex and G (1) = 3 cosy Byt + (I))ex;(—z (YuABL1) )
depends critically on oxygen ordering and content. In this 1
paper, we present the results of an extengi®R reinves- + 3 exp— A1),
tigation of the doping dependence of the AF correlation in,,
polycrystalline La,Sr-214 samples. In addition, we stud

ied the bilayer compound \¥..Ca.B&CuOg (Y,Ca-123) 1,01 site, andAB its rms deviation. The two terms

for which, because of the unoccupied chaipg, can be  iiqe from the random orientation of the local magnetic

adjusted in a controlled way through the substitution ofjq 4 in a polverystalline sample. which on average points
Y3t by C&". We obtain a common magnetic phase dia poyery pe. ge p

function ob ; hich h “parallel (perpendicular) to the muon spin direction with
gram as a function obne parameterpg,, which suggests b 12 :
that we observe the intrinsic property of the electronicpmbalblllty 3 (3) [5]. In analogy to NMR the dynamic

ground state of the CuCplanes. spin lattice rel?xatlon rate 1/? is given by
A series of powder La,Sr-214 samples was prepared — = yi(Bf) T 5 -

using conventional ceramic techniques. The preparation Ty I+ (0u7e)

of Y,Ca-123 samples has been described previously [2]A slowing down of magnetic fluctuations typically causes

From neutron refinement, the occupancy of Ca on the Ya maximum of 1/7, at w,7. = 1, where w, is the

herey, = 851.4 MHz/T is the gyromagnetic ratio of
‘the muon,B,, the average internal magnetic field at the
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FIG.1. ZFuSR spectra obtained at Ilow tempera- 0.1 . .
tures (T < 1K) for various degrees of hole doping in ooy ¢ e s ¢
Y -»CaBaCuwOg 1) and La—_,Sr,CuQ,. Dotted curves are 0.0
the fit to the data using Eq. (1). 0 50 100 150 200

Temperature [K]

wt Zeeman frequencyB2) is the mean of the square FIG- 2. ZFuSR results on ¥5,Ca)BaCusOs0x) plotted
of the fluctuating transverse field components, apds as a function of temperature. (a) The muon spin precession

. . . : frequency and (b) the longitudinal relaxation ratér;. The
their average correlation time. A precessingomponent dotted line in (a) represents a fit of the data with a power law

indicates static magnetic order on the time scale ofl — T/Ty)? with 8 = 0.2.
the uSR technique(r. < 107°s). For pg, > 0.08, no
oscillations were observed and tt%epart of G,(r) was
better represented by an exponential relaxatior{eXy) plane The Néel state, however, persists to higher hole
[see Fig. 1(c)], which may indicate either a very stronglycontent in Y,Ca-1230 = py, = 0.035) as compared to
disordered static field distribution or rapid fluctuations. La,Sr-214(pg, = 0.02). This suggests that the bilayer
The phase diagram as a function of hole doping ex€oupling makes the 3D AF state more robust to the pres-
hibits three distinct magnetic regimes. In regime | of theence of doped holes. A similar result was reported from a
undoped and lightly doped systems, the’Cspins and %Y NMR study of Ty in Y,Ca-123 [9].
those of the holes order independently. As an example, Only a single magnetic transition into a short range
we discuss the data ong¥;Cay 0sBa,Cu;Og g, Which are  AF correlated spin-glass-like state [10] is observed in
displayed in Fig. 2. Well below the 3D Néel temperatureregime Il for py, > 0.02 in La,Sr-214 [11] andps, >
of Ty ~ 170 K a second magnetic transition occurs at a0.035 in Y,Ca-123. This transition is characterized by a
temperaturd’s ~ 25 K. This is evident from the peak in slowing down of the AF fluctuations towards a glass tran-
the longitudinal relaxation rate/T; and the upturn of the sition which is defined by the maximum ityT; (corre-
muon spin precession frequency. A corresponding transsponding to a correlation time of the spin fluctuations of
tion within the AF state has been reported recently fromabout10~7 s). T, is significantly higher due to bilayer
La-NQR [6] and uSR studies [7] on La,Sr-214, where interactions in Y,Ca-123 than in La,Sr-214. It is remark-
Ty = (815 K) - psn» has been obtained fopy, < 0.02. able that the average internal field at the muon site is only
This transition was ascribed to a freezing of the spins omodestly reduced in regime Il (as compared to regime )
the doped holes into a spin-glass state which is superinwhile the transition temperature is lowered by about 1 or-
posed on the preexisting 3D AF long range order of theder of magnitude. This is illustrated in Fig. 3(b), where
CU* spins. Interestingly, we find that the spin freezingwe display the zero temperature limit of the internal field
temperaturel’; exhibits the same linear dependence onat the muon site normalized to its value at zero doping,
the planar hole content for Y,Ca-123 and La,Sr-214 [se&,(T = 0, psn)/B.(T = 0, ps» = 0). The width of the
Fig. 3(a)]. According to the model of Goodirgg al. [8],  field distribution AB, which is a measure of the degree
in which kgT; = Jeirpsh, this implies that the effective of disorder of the magnetic state, increases in this regime
in-plane exchange coupling constahi; is identical for  with hole doping, as can be seen in Fig. 3(c). The mod-
both systems and the freezing of the spin degrees of fre@st reduction of the average internal field in regime I
dom is a property of the hole dynamiggthin a single and the strong increase &fB with hole doping can be
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degrees of freedom. Except for the somewhat smaller or-
dering temperature, the signature of the transition is the
same as for the non-SC samples in regime Il. From the
amplitude of the rapidly damped muon spin polarization
[see Figs. 1(b) and 1(c)], we can obtain information about
the volume fraction of the magnetically correlated regions.
We find that all of the muons stopped inside the sample
experience a nonzero local magnetic field, which implies
that the magnetic order persists throughout the entire vol-
ume of the sample. The magnetic ground state may still
be inhomogeneous but the size of the nonmagnetic hole-
rich regions must be smaller than the typical length scale
(about20 A) of the uSR experiment. By decoupling ex-
periments in a longitudinal field we have confirmed the
static nature of the magnetic ground state [15]. From trans-
verse field measurements we find that the flux line lattice
which is formed belowl. > T, extends throughout the
entire volume of the sample [16]. Note, that these re-
sults are markedly different from theSR results that have
been obtained on the “superoxide™lGuQ, 13, where long
range oxygen diffusion leads to macroscopic phase sepa-
ration with an average domain size of ab8000 A [17].
In this compound, finite-size effects are negligible and the
hole-poor phase (40% of the volume fraction) displays a
temperature dependence and absolute values of the internal
0.00 0.02 0.04 006 0.08 0.10 0.12 fields identical to those in stoichiometrici@uQ,. Simul-

Psn taneously, a flux line lattice forms only within the hole-rich
FIG. 3. Magnetic phase diagrams as a function of the'€gions which accounts for the remaining 60% of the vol-
hole concentration per CuOsheet for La_,Sr,CuO, (open ume[18]. Asdescribed above, our presg@R results are
symbols) and Y-,CaBaCuwuOgp (solid symbols). (a) In fundamentally different and indicate a microscopic coexis-
regime |, two transitions are observed. The Néel temperaturegance of the AF and SC order parameter. We want to stress
Ty (squares), at which the €U spins order into a 3D AF state ojhat identical magnetic behavior is observed for both the

and a freezing transition of the spins of the doped holes af. .
T, — (815 K)p?h (circles, includingpdata from Reﬁ [7]).T, single layer system La,Sr-214 and the bilayer compound

indicates a transition into a spin-glass-like state (up triangles,cha'123- _ .
regime Il) with strong magnetic correlations which coexist The consistency of our results suggests that the coexis-

with superconductivity in regime Ill. Diamonds representtence of SC and AF order is an intrinsic property of the
the superconducting transition temperatures.  (b) DOp'”%qu planes and not an artifact of chemical or structural

dependence of the normalized average internal magnetic fie g
at Ft)he muon site. The star at, — 0'1% represents t?le data 'mpurities. Our data show that the strength of the AF

for Lay ssNdy3SHh,.1-CuO,. (c) The rms deviatiodB. Datain  correlation is determined solely by the hole content of the
(b) and (c) are fol < 1 K. CuG, planes and does not depend on the concentration
of dopant atoms. For a given hole content the number
of dopant atoms (Ca or SP") is twice the number in
understood in terms of a phase separated electronic staté,Ca-123 compared to La,Sr-214.
where the holes segregate into metallic domains leaving In contrast to7, which evolves rather smoothly, the
mesoscopic hole poor regions with AF strongly correlatednternal magnetic field at the muon site exhibits a strong
CU" spins. The AF order then is limited mainly by finite change for pg, = 0.06 — 0.08 as one enters the SC
size effects [6,12,13], where the sizeof the AF domains regime. The change in slope is rather significant and
is determined by the hole contert( ps,) ~ (1/ps)/2.  indicates a distinct change in the ground state properties
The spin-glass temperature is then expected to vary a¥ the CuQ planes. From theuSR experiment alone,
T, ~ L*(psh) ~ 1/psn [14], in qualitative agreement with we cannot decide whether it is the competition between
experiment. Unlike conventional spin glasses, the magthe AF and the SC order parameter or an underlying
netic moments undergoing the glass transition arise froshange of the electronic properties of the Gu@anes
extended AF correlated domains. Accordingly, this statevhich causes the suppression of the internal field. Further
has been termed a “cluster spin glass.” experiments will be required in order to clarify if the SC
The spin glass regime extends far into the SC staterder parameter is affected by the static AF correlation.
(regime 1l). For strongly underdoped SC samples with Notably, the AF correlation is fully restored af;, = %
0.06 < pg, < 0.10, we still observe a freezing of the spin A depression of7,. at this hole concentration at first
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extends to higher hole concentrations in the bilayer sys-
tem. For higher doping levels (regime Il), we observe
a single magnetic transition into a spin-glass-like state
with T,(Y,Ca123) > T,(La,Sr-214) and extending well
into the superconducting regime Ill. The evolution of
the internal magnetic field with doping is understood
on the basis of a microscopic phase segregation of the
doped holes into hole-rich and hole-poor regions. We ob-
serve a microscopic coexistence of superconductivity and

frozen antiferromagnetic correlations at low temperatures
for underdoped samples. The strength of the AF correla-
tions is determined by thplanar hole contenand does

not depend on the concentration of dopant atoms. The

. §
A

§

00 02 04 06 08 10 12 14 rapid reduction of the internal magnetic field for the SC
Time [us] samples may suggest some competition betwe_en the AF
and the SC order parameters, where the sublattice magne-
FIG.4. ZFuSR spectra of L@as;SpCuO, and tization is reduced with the onset of superconductivity.
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