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In the low doping range of from 0.01 to 0.06 in LaSr,CuQ,, we observed two electron paramagnetic resonance
(EPR) signals: a narrow and a broad one. The nalirewis ascribed to metallic regions in the materand its
intensity increases exponentially upon cooling belol50 K. The activation energy deducAd= 460(50) K is
nearly the same as that found in the doped supgucting regime by Raman and neutron scatteringai®ed
results provide evidence of the microscopic phasgamtion and two type of quasiparticles in lighdgped
Lay,Sr,CuO,.
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The mechanism of high: superconductivity (HTSC) remains enigmatic eveerdif7 years of its discovery [1]. It is known
that HTSC is achieved when a moderate density oflucting holes is introduced in the Gu@lanes. At a critical
concentration of doping,, = 0.06, superconductivity appears. However, itiis @b unresolved issue how the electronic
structure evolves with hole doping from the antiferagnetic insulator to the paramagnetic metaditid superconducting
state. While most of the theoretical models asstiraethe holes are homogeneously doped into,Cui@hes, there are
increasing number of the experiments pointing taadrighly nonuniform hole distribution leading tdoamation of hole-
rich and hole-poor regions [2]. This electronic sEhaseparation is expected to be mostly pronountddwa hole
concentrations. In the early experiments Johnstal analyzed the susceptibility of the,Lar,CuQ, (LSCO) samples at
concentrations < X, using the finite-size scaling and concluded thatrhaterial consists of antiferromagnetic (AF) dmsa
of variable size, separated by metallic domain svi8]. More recently Andaeet al corroborated this early finding by
measuring the in-plane resistivity anisotropy itwinned single crystals of LgSrL,CuQ, (LSCO) and YBsCuw:O,.5(YBCO)

in the lightly doped region, interpreting their ukts in terms of metallic stripes present [4]. Rarmore, most recently,
magnetic axis rotation was reported, and points igh mobility of the crystallographic (metallidpmain boudaries of the
AFM domains [5]. The Coulomb interaction limits thpatial extention of the electronic phase sempardat hole-rich and
hole-poor regions to a microscopic scale [6]. Theeeit is important to use a local microscopic imefs to study the
electronic phase separation in cuprates.

The nuclear magnetic resonance (NMR) is one of sowthods.
However, in lightly doped cuprates with< x, the NMR signal from Cu
wipes out due to the strong AF fluctuations and NMR signal can be
observed at low temperatures [7]. On the other lzandlectron paramagnetic
resonance (EPR) signal can still be observed becthes time-domain of
observation of EPR is two to three orders of maggtshorter than that of
NMR [8]. In order to observe an EPR signal we dop8&0O with 2% of Mn,
which in the 2+ valent state gives a well defineghal and substitutes for the
CU*" in the CuQ plane. It was shown by Kochelaeval that the Mn ions are
strongly coupled to the collective motion of the Gpins (the so called 1000 2000 3000 4000 5000 6000
bottleneck regime) [9]. Recently we have studieel EPR of MA" in Lay. H(Oe)

SKLCuQ, in a doping range 0.06x< 0.20 [8]. The bottleneck regime allowedig.1. EPR signal of°0 and®0 samples
to obtain substantial information on the dynamit¢he copper electron spins of Lay oS 0Cl.egMNo o4 Measu-
in the CuQ plane as a function of Sr doping and oxygen isetsybstitution. red at T = 125 K under identical ex-
In the present work we performed a thorough EPRstigation of the LSCO perimental conditions. The solid and
in lightly doped range 0.01x< 0.06, i.e. below. dashed lines represent the best fits
. . using a sum of two Lorentzian com-
The LgSKCu.egMng /04 polycrystalline samples with 0 x< 0.06 a NS

. . ponents with different linewidths: a
were prepared by the standard solid-state re_acmmhod. The EPR narrow and a broad or
measurements were performed at 9.4 GHz using a BRRIKER-200D
spectrometer equipped with an Oxford Instrumentautreflow cryostat. In order to avoid a signal digion due
to skin effects, the samples were ground and thedpo was suspended in paraffin. We observed an @il in
all samples. The signal is centered ngar2, a value very close to tlgefactor for the MA* ion.

Fig. 1 shows the EPR lines observed i 0.03 sample with diffe-

dP/dH (a.u.)

rent oxygen isotope¥0 and*®0. First, one should note that the EP | %<0.01 |
spectra consist of two lines. We found that thely ba well fitted by a A = 460(50) K .
sum of two Lorentzian components with differentelvidths: a narrow i e 1
and a broad one. The second important observatithvat the narrow line 5 R
shows practically no isotope effect, whereas theatbrline exhibits a & ~ [~ Broad
huge isotope effect. Similar two-component EPR spewere observed a | Narrow
in other samples with different Sr concentrations toa x=0.06. At 4 - A .
x = 0.06, only a single EPR line is seen in therentémperature range, ir | R a) |
agreement with our previous studies of samples i <x < 0.20 [8]. A A

Fig. 2 shows the temperature dependence of the iBfeRsity for °, 100 ‘;30 500 400
samples with different Sr concentrations. One esntlsat the two EPR lines
follow a completely different temperature dependerithe intensity of the i
broad line has a maximum and strongly decreashsiedreasing temperature | 009%000 |
On the other hand, the intensity of the narrow imenegligible at high X=0_03°°
temperatures and starts to increase almost exjlebelow ~150 K. We r 7
note that the temperature below which the interadithie broad line decreases s | A=51050) K|
shifts to lower temperatures with increasing dopitgwever, the shape of the= o Broad
I(T) dependence for thrarrow line is practically doping-independearid only @
slightly shifts towards higher temperatures witbréased doping. A similar 47T b) 7
Fig.2. Temperature dependence of the narrow andidorBPR signal intensity in

Lay,SECly odVing o0, With different Sr dopingga) x = 0.01; (b) x = 0.03. The 0 0 10 200 300 400

solid lines represent fits using the model desdribehe text T (K

Magnetic Resonance in Solids. Electronic Journal.6/(2004) 193



Microscopic phase separation and two types of qpasicles in lightly doped LacSrCuOs...

G ~ Broad x=001 tendency is observed also for the temperature depea of the EPR
o500 L o e linewidth. The linewidth of the broad line and tigsnperature dependence

26%6°,00°8 % Narowx-0.02 are strongly doping-dependent, whereas the linawvatithe narrow line is

& 2000+ SRR ® Narrow x=0.03 very similar for samples with different Sr dopisgé Fig. 3).

Ta . o B It is important to point out that the observed teorponent EPR
SRt i DED?BZ;;;A 7 spectra are an intrinsic property of the lightlpeld LSCO and are not due

L R 8 p0a08 o | to conventional chemical phase separation. We @eamour samples

‘IE.. ot using x-ray diffraction, and detected no impurity phaddsreover, the

500 | ‘Aiii:q: . temperature dependence of the relative intensifigse two EPR signals

“ rules out macroscopic inhomogeneities and pointartds a microscopic

% 100 200 300 s0c €electronic phase separation. The qualitativelyerdffit behavior of the

T(K) broad and narrow EPR signals indicates that thieygeo distinct regions

Fig. 3. Temperature dependence of the peak-18- the sample. First we notice that the broad Namishes at low
peak linewidth 4H,, for the narrow and temperatures. This can be explained by takingantmunt the AF order
broad EPR lines in LaSrClyedMne o0, Present in samples with very low Sr concentratjnIf is expected that
with x = 0.01, 0.02 and 0.03 upon approaching the AF ordering temperature, @ngtrshift of the

resonance frequency and an increase of the relaxaiie of the Cu spin
system will occur. This will break the bottleneelgime of the Mfi ions,
and as a consequence the EPR signal becomes wables§s).

In contrast to the broad line, the narrow sighg@legps at low temperatures and its intensity ineeasth decreasing
temperature. This indicates that the narrow signdilie to the regions where the AF order is suptessis known that the
AF order is destroyed by the doped holes, and akev@.06 AF fluctuations are much less pronounc@dl [Lherefore, it
is natural to relate the narrow line to regionshvlitcally high carrier concentration and high mibjilThis assumption is
strongly supported by the absence of an oxygeopsogffect on the linewidth of the narrow line aalwlt was shown
previously that the isotope effect on the linewiditreases at high charge-carrier concentratiarse ¢b the optimum
doping [8]. We obtain another important indicatioom the temperature dependence of the EPR injeris#icause we
relate the narrow line to hole-rich regions, anaagntial increase of its intensity at low tempeamdiundicates an energy
gap for the existence of these regions. In theotig we will argue that this phase separatiorsggséed by the electron-
phonon coupling. More precisely, the latter induaaisotropic interactions between the holes viapt@non exchange,
resulting in the creation of extended nano-scale-tioh regions.

An interaction between holes via the phonon exckasan be written in the form [11]:

Hhol-phon = GZ Pntr ngaa ! (1)

whereP,," is a creation operator of one polareg, is a deformation tensog is a coupling constant. It was shown that
this interaction reduces to usual elastic forcesvéf neglect the retardation effects and optical esod-ollowing
Aminov and Kochelaev [11], Orbach and Tachiki [12f can find an interaction due to an exchange Hmgnpns
between two holes oriented along the axesd and separated by the space veRer Ry, —Rmg

H=F(R,, ~R,,)PLP, Py P, @

F.(R) :quz%[za-eyf)w(lzyf 15/ -1), 3
_ 1 & 2

FolR) = g e 1Y) (@)

HereC,, G are longitudinal and transversal sound velociigs;x/R k =y/R = (C?—C?)/CZ This interaction is highly
anisotropic being attractive for some orientatiand repulsive for others [13]. The attraction befvboles may result in a
bipolaron formation when holes approach each atlesely enough. The bipolaron formation can beagist point for the
creation of hole-rich regions by attracting of éiddial holes. Because of the highly anisotropistaldorces these regions are
expected to have the form of stripes. Thereforéoipelaron formation energy can be considered as an energy gap for the
formation of hole-rich regions.

In applying the above model to the interpretatidnoor EPR results we have to keep in mind that gpim
dynamics of the coupled Mn-Cu system experiencasrang bottleneck regime [9]. In the bottleneckimeg the
collective motion of the total magnetic moment b& tMn and Cu spin system appears because the tietaxate
between the magnetic moments of the Mn and Cudaorsto the strong isotropic Mn-Cu exchange intésads much
faster then their relaxation rates to the lattitlee intensity of the joint EPR signal, being prdforal to the sum of
spin susceptibilitied ~ Yun+ Ycu is determined mainly by the Mn susceptibilitync@ xwn> xcu for our Mn
concentration and temperature range. This resulisGurie-Weiss temperature dependence of the EfPBIs

Taking into account this remark we conclude that BHPR intensity of the narrow line is proportiobalthe
volume of the sample occuppied by the hole-richomegybecause the Mn ions are randomly distributethé sample.
We expect that the volume in question is propodidn the number of bipolarons, which can be egtohan a way
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proposed by Mihailovic and Kabanov [14]. If the digy of states is determindry NE) ~ E?, the number of bipolarons
is

Nbipol=(«/m— %2, z= KT™ ex;{—?j, (5)

where A is the bipolaron formation energy, is the level of hole doping, and is a temperature- and doping-
independent parameter related to the free polagosity of states. The EPR intensity from the hatb-regions will be
proportional to the product of the Curie-Weiss spsibility of the bottlenecked Mn-Cu system and thenber of the
bipolarons

C
narrow T__g N bipol * (6)

I
where C is the Curie constant anfl is the Curie-Weiss temperature. The experimentahte for the narrow-line
intensity were fitted for the two-dimensional systéx = 0), and we used the valés= -8 K, which was found from
measurements of the static magnetic susuceptilfdityattempt to varg yielded about the same value). The values of
C and @ are determined mainly by the concentration andrmatigg moment of the Mn ions and their coupling wiie
Cu ions. Since these parameters are expected tiofiag independent (or weakly dependent), they Viewad by
fitting for the samplex = 0.01 and then were kept constant for other aunagons leaving the only free parameter the
energy gap\.

The results of the fit are shown in Fig. 2(a,b)r Bwe bipolaron formation energy we obtain®d 460(50) K,
which is practically doping-independent. This vahgrees very well with the value Afobtained from the analysis of
inelastic neutron-scattering and Raman data inatapsuperconductors [14]. Recently Kochela¢\wal performed
theoretical calculations of the polaron interactimm the phonon field using the extended Hubbaodeh[13]. They
estimated the bipolaron formation energy and obthimalues of 100 K 4 < 730 K, depending on the value of the
Coulomb repulsion between holes on neighboring eppgmd oxygen siteg,y, 0 <V,q< 1.2 eV. This means that the
experimental value df can be understood in terms of the elastic intemastbetween the polarons.

It is interesting to compare our results with otleaperiments performed in lightly doped LSCO. Rdbken
Ando et al. measured the in-plane anisotropy of the resistigi/p, in single crystals of LSCO witk = 0.02-0.04
[4]. They found that at high temperatures the amnégry is small, which is consistent with the weak
orthorhombicity present. Howevem,/p, grows rapidly with decreasing temperature belo®hb0 K. This provides
macroscopic evidence that electrons self-organite an anisotropic state because there is no ckgarnal
source to cause the in-plane anisotropy in,S&CuQ,. We notice that the temperature dependence ofanew
EPR line intensity is very similar to that pf/o, obtained by Andcet al. (see Fig. 2(d) in Ref. 4). To make this
similarity clear, we plotted aro(T) and g/ 0s(T) on the same graph (see Fig. 4). It is remarkabé both
guantities show very similar temperature dependenitaneans that ounicroscopicEPR measurements and the
macroscopiaesistivity measurements by An@o al. provide evidence of the same phenomenon: thedtiom of
hole-rich metallic stripes in lightly doped LSCO Wwbelow x., = 0.06. This conclusion is also supported by a
recent angle-resolved photoemission (ARPES) stufly CO which clearly demonstrated that the metallic
guasiparticles exist near the nodal direction betow0.06 [16].

A number of experiments on HTSC suggest the passkistence of two quasiparticles: a heavy polama a
light fermion [15]. In the context of the two-cariparadigm, the narrow line in the EPR spectra begttributed to
centers with nearly undistorted environment in oegi where carriers are highly mobile, whereas tload line is
due to the centers with a distorted environment alolv polaronic carriers. Recent high-resolution PES
experiments by Lanzareet al clearly showed a kink in the

guasiparticle energy versus wavevector plots fifedint HTSC [17]. 20 . . ‘ ‘ . 14
The kink at an energy of about 70 meV separatesliggersion into a 3 [_o_Resistivity anisatropy] |
high-energy part (that is, further from the Fermemy) and a low- .|~ 4 e ootl  Jea
energy part (that is, closer to the Fermi energigh wifferent slopes. *4 + x=002

The two different group velocities above and beltdve kink are 3 o 208 1 o
probably due to two quasiparticles with differefffieetive masses. Ins';,t10 - 24 112 %
this case a low-energy part of the dispersion wadrespond to our o e 1"
narrow EPR line and the high-energy part to bro&RHine. This 5| .; 134
assumption is strongly supported by very recernb® effect ARPES %

experiments by Lanzat al [18]. They observed that the high-ener¢ ¢ 9*3 N
quasiparticles have a strong isotope effect, wiile low-energy o ——u * -1;MJ
quasiparticles show practically no isotope effethis is in direct T

correspondence with our EPR results where the bERR line due to

heavy pqlaronic que}siparticles ShOW.S a hu_ge isoefipet, vyhereas theFig. 4. Temperature dependence of the narrow EPR
narrow line stemming from metallic regions has sotdpe effect. line intensities in La.SEC ey oOs and
Moreover, looking at Figs. 2,3 one can see that ititensity and of the resistivity anisotropy ratio in
linewidth of the narrow line is practically dopingdependent, while Lay oS 0CuUO, obtained in Ref. 4
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Fig. 5. (a) EPR signal of®0 and®0 samples of La,S odlCly egMiNg 004 measured

at T = 50 K under identical experimental conditiofike solid and dashed lines
represent the best fits using a single Lorentzian;

(b) Temperature dependence of the EPR signal intensitfyl.& 9,Sr,0dClUp ogVINg 004
The solid line represents the fit using the Curigid&/temperature dependence with the
Curie-Weiss temperatuid=40 K

both the intensity and linewidth of broad line charstrongly with the
doping. This shows that the local electronic prtipsrof the metallic
regions which appear due to the microscopic phaparation and yeld ‘ ‘ ‘ ‘
the narrow EPR line are the same in different sampespite different 1000 2000 3000 4000 5000 6000
doping levels. This is again in excellent agreemgith the ARPES H (Ce)

data showing that the Fermi velocity of low-enexgyasiparticles are
independent of doping in different cuprate familieghile the high-
energy velocity varies strongly with doping [19].Isd, transport
measurements showed that the mobility of chargderarin LSCO at
moderate temperatures remains the same throughautie doping
range from the lightly-doped AF to optimally dopedperconducting <
regime [20]. These results suggest that the eleictréoransport is = 5 |
governed by essentially the same mechanism fromtljigdoped to
optimally doped range.

Figs. 5 (a, b) show the EPR spectra and intensityttfe x = 0.06
sample. It is seen that in contrast to the0.06 samples at=0.06 only o
a single EPR line is observed and the temperatapertience of the
signal intensity recovers an usual Curie-Weiss wiehaOn the other
hand there is still a substantial isotope effectr@nEPR line. To understand the change of the §iRtra at x = 0.06,
one should first comment on the observability & fihase separation in our EPR experiments. The diffénence of
the EPR signals from the hole-rich and hole-pogiotes is the spin relaxation rate of the Cu spstey, which results
in different EPR linewidths. One would expect théseal differences of the relaxation rate to beraged out by the
spin diffusion. The spin diffusion in the Cu@lane is expected to be very fast because of tige kxchange integral
between the Cu ions. A rough estimate shows thangithe Larmor period a local spin temperature lsartransported
over 100 Cu-Cu distances. It means that all théerdiht nanoscale regions will relax to the lattigi#h a single
relaxation rate, and we cannot distinguish thenh EPR. However, the AF order which appears bélgun the hole-
poor regions in lightly doped LSCO freezes the psescof spin diffusion, and this is the reason we see different
EPR lines from the two types of regions. From thé expect that with increasing doping, where mdgr@ter gets
suppressed, spin diffusion will become faster, mo#el, and we can no longer distinguish differegtores with EPR.
This is most probably what happens in samples witt0.06, where only a single EPR line is obsengjd This does
not mean that the phase separation in hole-rich hexde-poor regions does not existxat 0.06, but that the spin
diffusion averages out the EPR response from theggens. In fact, ARPES measurements showed trsepce of two
guasiparticles in the whole doping range [17,183lidating that the electronic phase separation®xiso at higher
doping levels. Also, recent Raman and infrared mneasents provided evidence of one-dimensional cotndty in
LSCO withx = 0.10 [21].

In summary, EPR measurements in lightly doped L$&®@aled the presense of two resonance signadsr@wnand a
broad one. Their behavior indicates that the nagignal is due to hole-rich metallic regions arellttoad signal due to hole-
poor AF regions. The narrow-line intensity is snallhigh temperatures and increases exponentielyvi1150 K. The
activation energy inferred) = 460(50) K, is nearly the same as that deduesd fither experiments for the formation of
bipolarons, pointing to the origin of the meta8iripes present. We found a remarkable similagyvben the temperature
dependences of the narrow-line intensity and rgcemgasured resistivity anisotropy in Cu@anes in lightly doped LSCO
[4]. The results obtained provide the first magnetisonance evidence of the formation of hole-nhallic domains in
lightly doped LSCO well below,; = 0.06. These results also lend support to trentigcproposed model of phase coherence
by percolation (PSP) [22]. According to the PSP ehdde macroscopic phase coherence in supercongumtiprates is
determined by random percolation between mesosdapilarons, stripes or clusters. This simple moaé@ws to
guantitatively predict the critical carrier conagatibn for the occurence of the superconductistyvall as to estimafg. from
experimentally measured values of the pairing gnerg

dPidH (a.u.)

0 100 200 300 400
T(K)
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