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The electron paramagnetic resonafB®R of Mn?* doped into La_,Sr,CuQ, was used to probe the
copper spin relaxation via the bottleneck effect for oxygen isotdf@ &nd *%0) substituted samples. The
concentration range extended from 0.06 to 0.20 and the temperature dependence of the EPR linewidth was
studied from 4 to 300 K. It was found that the EPR linewidth is larger for'fl@eisotope samples than for the
160 samples. The isotope effect is pronounced at low temperatures and decreases with increasing Sr concen-
tration. This effect is quantitatively explained by the 2Cu5=1/2 spin relaxation to the lattice via
Dzyaloshinski terms coupled linearly to the lod@l),/Qs tilting modes of the Cu@ octahedra as proposed
by B. I. Kochelaev[J. Supercond12, 53 (1999]. The Q,/Qs modes are coupled sterically to tl@,
Jahn-Teller modes considered to be relevant for(bigoolaron formation and thus for the high-temperature

superconductivity.
DOI: 10.1103/PhysRevB.63.144513 PACS nunifer74.72.Dn, 76.30-v
I. INTRODUCTION on the EPR linewidth in the underdoped samples. The iso-

tope effect decreases with Sr doping and practically disap-
The investigation of highF, superconductors has, from a pears in the overdoped region. The observed large isotope
magnetic resonance point of view, until recently been domi£ffect can be quantitatively described by a symmetry invari-
nated by nuclear magnetic resonarib#R). The observa- ant Hamiltonian in which the octahedr@, and Qs tilting
tion of electron paramagnetic resonan&PR is of great and tun_neling modes are cqupled linearly to Dzialoshinsky-
interest, because the time domain of observation of EPR i§/P€ Spin terms. The coupling constants can be estimated.
two to three orders of magnitude shorter than that of NMR.This then allows an estimation of the intrinsic EPR relax-
However, the application of EPR to high- cuprates was ation time in the La_,Sr,CuQ, for the doped Cu@plane.

restricted owing to the absence of intrinsic EPR signals irfulrther][nore,;he intrinzi_Q4/Q5 tiltijngdof tr(ljefoctahedra ][e-
these compounds. The reason of the EPR silence in the c ulting from theQ, JT distortions deduced from EPRef.

prates is due to the extremely large linewidth, which is esti- ) and EXAFS(Ref. 3 is underlined.
mated in the present study. The situation has improved re-
cently, when the EPR from trapped three-spin polarons was Il. EXPERIMENTAL DETAILS

observed in La ,Sr,CuQ,, in which the presence a,- The polycrystalline samples of LaSr.Cu_,Mn,O
. - y y™4

type Jahn-TellefJT) polarons were identified by Kochelaev \yith 0.06<x<0.20 and 0.0%y=<0.04 were prepared by the
etal” in agreement with extended x-ray-absorption fine-gtandard solid-state reaction method. Oxygen isotope substi-
structure(EXAFS) studies’ Another approach in the appli- tution has been made at 800°C for 30 h in an oxygen pres-
cation of EPR to highF. superconductors is to dope thesesyre of ~1.0 bars. Oxygen isotope enrichment of the
compounds with small amounts of some paramagnetic iongamp|es were determined using thermogravimetry. ¥
which are used to probe the intrinsic behavior. One of thesamples have about 85%0 and 15%'%0. The EPR mea-
best candidates is Mn, which in ther2valent state gives a surements were performed at 9.4 GHz using a Bruker ER-
well defined signal and substitutes for the’Cun the CuQ 200D spectrometer equipped with an Oxford Instruments he-
plane. Recently, Kochelaest al* have intensively studied lium flow cryostat. The temperature was controlled between
the EPR of MR doped La_,Sr,CuQ,. They found that the 4.2 and 300 K by an ITC-502 temperature controller. In or-
Mn ions are strongly coupled to the collective motion of theder to avoid a signal distortion because of skin effects, the
Cu spins(the so called bottleneck regimerhe bottleneck samples were ground and the powder was suspended in par-
regime allows to obtain substantial information on the dy-affin. It is important to note that the EPR spectra for the
namics of the copper electron spins in the Guiane? samples with different oxygen isotopes were taken with ex-

We decided to take advantage of the Mrdoped actly the same spectrometer conditions. Special care was
La,_,Sr,CuQ, and search for possible oxygen isotope ef-taken also to perform the experiments on samples with the
fects on the EPR signal. We observed a large isotope effestame mass, mounted in identical sample tubes, etc. The re-
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FIG. 2. Temperature dependence of the peak-to-peak EPR line-
width AH,, for *%0 and*#0 samples of Lag,St 0eClo.sgVINg 04-

centration y=0.01, 0.04 in order to clarify the role of Mn
doping in the observed isotope effect. We found that the
absolute value of linewidth changes with Mn concentration,
however the isotope effect itself is independent on Mn con-
tent. This shows that M serves as an EPR probe and the
observed isotope effect is intrinsic to4 3 Sr,CuQ,. Taking
this into account we studied samples with a fixed Mn con-
. ., & . centration ofy=0.02 and different Sr doping.
1000 2000 3000 4000 6000 6000 Figure 2 shows the temperature dependence of the line-
H (G) width for thex=0.06 sample with different oxygen isotopes.
FIG. 1. (@ EPR signal of O and O samples of With decreas_ing temperature the linewidth decrgases, passes
through a minimum at a temperatufig,;, and increases

Lay 94Sry.0eC Uy ogVINg 00, measured atf =50 K under identical ex- . . L
perimental conditions. The fits to a Lorentzian line shape are rep‘:Jlgaln k?n furtget; CzO“T]g'I A Sm;zla_lr temggrstureddepf&dence
resented by solid linegb) EPR signal of*®0 and 180 samples of V&S ODS€rved by roche a@tal.” In an study of Mn-

Ly 9.5t 0Clo oMy o0, after isotope back exchange froffo o~ doPed La_,S5Cu0, with 180 isotope. From Fig. 2 one can
160 (BE 1%0) and from %0 to %0 (BE 1%0). One can see that the S€€ that the observed isotope effect on the EPR linewidth is
temperature dependent. The isotope effect is large at low
temperatures and gradually disappears abbyg, at high
producibility of the measured EPR signals was checked seJ€mperatures. , o _
eral times. Thus the EPR signals obtained for samples with Ve found that the isotope effect decreases with increasing
different oxygen isotopes can be directly compared. Sr concentration. EI_DR spectra and the temperature depen-
dence of the EPR linewidth for the more doped sample
=0.10 with different oxygen isotopes are shown in Figs. 3
IIl. EXPERIMENTAL RESULTS and 4, respectively. One can see that the isotope effect is

We observed an EPR signal in all examined samples. Thémaller than for the<=0.06 sample, but the qualitative be-
line shape of the signal is Lorentzian and symmetric throughb@vior is the same. We also measured optimally doped and
out the whole temperature range. The resonance field corre-
sponds tog~2, a value very close to thg factor for the
Mn?" jon. Figure 1a) shows typical EPR spectra for
=0.06, y=0.02 sample with different oxygen isotopé¥
and ®0. Investigation for Sr doping below 0.06 will be a
subject to another publicatichErom Fig. 1a) one can see a
difference between the EPR signals of the two isotope
samples. Analysis of the spectra showed that the integral
intensities of the EPR signals in two isotope samples are the
same, but the linewidths are different. The linewidth for the
180 sample is larger than for th®O sample, giving rise to |
different amplitudes for the EPR signal for two isotope 2500 3000 3500 2000
samples. We performed measurements on back-exchanged H (Oe)
samples in order to check whether the observed isotope ef-
fect is intrinsic. The corresponding results are presented in FIG. 3. EPR signal of %0 and %0 samples of
Fig. 1(b). It is seen that the isotope effect is completely re-La; ¢;Sr 16CUy 6dMiNg 00, Measured af =50 K under identical ex-
versible. We studied also the samples with different Mn conperimental conditions.

dP/dH (a.u.)

isotope effect is reversible.

° 160
. 180
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2500 i ' ' ;160 ' Fq=2(cosga+cosqya).

2000 o e 180 - HereXU,(q,w) and x(q,) are the longitudinal and trans-
N verse dynamical spin susceptibilities of the Cu spin system,
D 1500 | x=0.10 T N is the number of Cu ions in the CyQlane,q is the
s ° o two-dimensional wave vectogs is the resonance frequency,
<1000 ¢ ..' - andF, is the form factor. The ratio of electron and nuclear

o* relaxation rates is equal tol{, /A)2. Therefore one can
500 39 .." . make a rough estimate &f,,, using an experimental value
Ceee of the ®Cu nuclear relaxation rate TJ. Taking J,
0 . . : : =500 K, A=100 kOejug and 1T,=2700 s (which is
0 50 100 150 200

doping and temperature independent at high temper&jures
we obtainl'g,~10" s~ 1. One can expect that this enormous
FIG. 4. Temperature dependence of the peak-to-peak EPR lindalue provides the condition of the bottleneck regime. At
width AH,,, for %0 and*%0 samples of LageSt 1C U odMno o Qs 10W temperatures T4 — 0 for doped samplesThe same can
be expected fof'g,. Consequently at low enough tempera-
overdoped samples. In the optimally doped samypte0.15  tures a partial opening of the bottleneck will take place. In
the isotope effect still exists at low temperatures, but it isthe bottleneck regime the effective relaxation rétg; is
very small and completely disappears in the overdopegontrolled mainly by the individual relaxation rates of Mn
samplex=0.20. and Cu ions to the latticé’s; and I',, weighted by the
To see what happens in samples without Sr doping, we&orresponding static spin susceptibilities:
performed the EPR in parent compound,CaO, with dif- 0 o
ferent oxygen isotopes. No isotope effect was found for these XsU'sttxol oL N ((Aw)?)
XsT Xo sy

samples. This result indicates that the holes doped to,CuO

planes are crucial to observe the isotope effect on the EPR ] ) )

signal. The last term takes into account a partial opening of the
bottleneck at low temperatures wheffg,—0. ((Aw)?) is

the mean square of the local fields distribution at the Mn

sites.x2, x® andys, x. are the bare and renormalized spin

The main spin interaction of the Mn ion with other de- susceptibilities of the Mn and Cu spin systems, respectively.

grees of freedom is an isotropic exchange interaction withirhe latter are
neighboring Cu ions:

T(K)

Feti=

©)

IV. ORIGIN OF THE EPR LINEWIDTH

1 e :Xg 1+)\X(s),(r ’ ngyN(QSMB)Z,
Hso=5 2 Jso(Sp0r). (1) LN 3keT
(pi) 4)
Herel, is the exchange integral between Mn and the neigh- 2z,
boring Cu ionsS; ando;/2 are the spin operators of the Mn A= Ng.g, 2 '
sdol*B

and Cu, respectivelyo is the Pauli matrix (pj) means the
sum over neighboring sites. It is tempting to think that thewhereg, andg, are theg factors,y is the concentration of
mechanism of spin relaxation of the Mn ion is similar to the Mn ions, z is the number of their neighboring Cu ions. Usu-
relaxation of nuclear spins coupled by the isotropic hyperfinelly, ', is much smaller thafi,, , since the ground state of
interaction to the Cu spin-system. However, this naive apthe Mr?* ion is an orbitalS state and the spin-orbit interac-
proach is not valid here. The main difference is that thetion of Mn is rather small. This conclusion was indirectly
Larmor frequencies of Mn and Cu ions are very close to eaclgonfirmed experimentally by Kochelaeat al,* where the
other and the isotropic exchange between them is vergpr inewidth at high temperatures in such a system was
strong, being of the same order of magnitude as the isotropigund to be inversely proportional to the concentration of Mn
exchange between the Cu ions. In this situation a collectivgyng [roughly xs+ x,~Y if x2>x2 in Eq. (3)]. This finding
motion of the transverse homogeneous magnetizations of thgg, provides a direct proof of the bottleneck regime. So, one
Mn and Cu ions appears, if the relaxation rate between theman conclude that the broadening of the EPR line at high
I's, is faster than the relaxation of each of them to the latticgemperatures can mainly be attributed to the relaxation of the
Iy andl g 0 I'y,>Tg T (bottleneck effegt An expres- ¢y transverse magnetization to the lattlég . At the same
sion for the relaxation rat€s, is similar to the well known  time, the contribution of this relaxation to the EPR linewidth
nuclear relaxation rate T/ in which the hyperfine coupling js sufficiently reduced in the bottleneck regime by the factor

constantA is replaced by, :* X2 (xs+ x,)<1. As a matter of fact, the bottleneck effect is
I\ 2kaT I _ N used here as a tool to measure the EPR signal of the Cu ions
r :( 5") sl 2| [)((,(q,w s) n Xo(0 @) in La,_,Sr,CuQ, and to understand the mechanism of their
\ k) AN G A 0= ws o | spin-lattice relaxation. This is only possible because the Mn

(2)  ions serve as a local spin probe of the copper spin system.
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The nature of the EPR silence of superconducting cutential minima without the rigid rotation of the octahedra as
prates and their parent compounds was a subject of intensiwwhole. The constants andG correspond to the spin-orbit
theoretical and experimental investigatidntn particular,  and orbit-lattice couplingA is the crystal-field splitting be-
Chakravarty and Orbafland Lazut&proposed that the EPR tween the ground and excited orbital energy levéls)
line in La,CuGQy is severely broadened below room tempera-means the sum over neighboring Cu sites inxhey plane,
ture due to the anisotropic Dzyaloshinskii-Moriy@M) in-  a is the lattice constant. One can see tHgi has antisym-
teractions, but they have concluded that EPR could be obmetric properties of the DM interactions. A similar expres-
served at elevated temperatures. Sireoal!® extended the sion can be obtained in the case of pure rotations of an oxy-
search of the EPR signal in k@uQy, s up to 1150 K, butno  gen octahedron without distortion witR,,R,,R,, which
EPR signal was observed. They appeal to an additional coreorrespond to the rotation of octahedron around thgz
tribution to the linewidth broadening at high temperaturesaxes. However, in this case the constantis much smaller
because of the modulation of DM interactions due to thethan A.*® Therefore we omit the contribution of the pure
change of the Cu-Cu distances by lattice vibratibhislow-  rotations on the spin relaxation to make our consideration
ever, this contribution is much smaller compared to the statitess cumbersome.
one considered by Chakravarty and Orbach and therefore We calculated the transverse relaxation rBig , using
cannot be the reason for the EPR silence. It seems at thifie usual decoupling scheme for the correlation functions,
point that any of the models proposed, including a rathetaking into account the antisymmetric propertiedf, and
exotic “anyon mechanism” suggested by Mehrdris not  antiferromagnetic correlations of the Cu spins,
able to explain a very large broadening of the?ClEPR
signal in the superconducting cuprates and their parent com-

pounds. Furthermore, they cannot explain the huge isotope (zJA)? +oo
effect on the linewidth presented in this work. o e O T fﬁx d(t—t’)
The isotope effect indicates an important role of the lat- Xo"B
tice motion in the relaxation of the Cu magnetization. We X[{Qa(t)Qa(t")) +(Qs(t)Qs(t'))]

propose that an interaction between the? Cspin system
and the lattice motion in general is the same as in insulators, 1 _ _
i.e., due to the modulation of the crystal electric field by the “N % (o5 ()N oD oiedt)). (6)
lattice distortions and the spin-orbit coupling of the Cu ions.
This mechanism usually leads to a rather slow spin-lattice
relaxation rate, since the Kramers doublet is not sensitive tmereggtlz andgﬁotlz are the space Fourier transforms of the
the electric field because of time-reversal symmetry. Nonvastaggered and total transverse spin polarizations of the Cu
nishing matrix elements of the spin-lattice coupling appeakpin system, respectively; - -) means an averaging with an
only due to the external magnetic field. This gives an addiequilibrium statistical operator.
tional very small factogBH/A, whereA is the crystal-field In order to find the correlation functions of the involved
splitting of the orbital states. In our case the eigen states aformal mode®), andQs we take into account the following
the Cu spin system are defined mainly by the very largeonsiderations. It is well established that,LaSr,CuQ, ex-
isotropic Cu-Cu exchange, instead of the Zeeman interactiorperiences a structural phase transition from a high-
Roughly speaking, the Cu-Cu exchange couplidg temperature tetragondHTT) to a low-temperature ortho-
=1500 K will play the role of the magnetic field splitting rhombic(LTO) phase due to the rotations of the neighboring
gBH. octahedra around the—y diagonal axis in opposite direc-
The spin-orbit interaction couples the ground state of thejons, and further to the low temperature tetragofdlT)
Cui?* ion d(x?*—y?) to the excited stated(xz) andd(yz)  phase. These structural phase transitions are due to pure ro-
only and the relations between the matrix elements are diaations R«.Ry,R,) because of an anharmonicity and a very
tated for the Kramers doublet by the time-reversal symmetrystrong coupling of rotations of the neighboring octahedra,
Taking this into account it was found that the Hamiltonian of which share common oxygen ions in the Gu@ane. The
the spin-lattice interaction has the following form: structural phase transition temperatufe depends on the
tunneling of the rotation motions. The transition occurs if the

JA coupling between rotations of neighboring octahedra domi-

Ho = 8a 2 [(oyol—oyo))(Qy—QY) nates over tunneling of rotations for a given octahedron. It
{n was found that even below the HTT-LTO transition tempera-
+ (ool —olal)(Q5—QL)T, (5) ture, there is a distribution of local tilts of a relatively large

magnitude(see Ref. 14 for a reviewHaving these observa-
tions in mind, we propose that the normal mo@esandQs,
_ SAG which describe the tilts of the octahedrpaxis, are strongly
A2 anharmonic, but the coupling between the neighboring octa-
_ _ hedra is weaker compared to pure rotations. Nevertheless,
Here Q) and Qg are the normal coordinates of the oxygen Q,/Qs modes are influenced by the structural phase transi-
octahedron Cug) which describe its distortions due to the tion, what can be described in terms of the “molecular field”
tunneling motion of the apical oxygen between the four po-w, which appears belowWs.
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Similar to the original work of Thomas and Mer'® on  spin-correlation functiongsee details in Appendix A we
phase transitions in perovskites, we can write a potential erarrive to the following result for the relaxation rate of the
ergy V(Q4,Qs) in the following form: total transverse spin of the Cu ions due to the tunneling

motion:
[ 2t
. Sin kB_T
Qs=psing, Qs=pcose.

Here the constantk>0 andu>0. In the casey>0 this Here¢ is the spin correlation lengtle, is the constant of the
potential has four minima gio= Vk/u and ¢, = mn/2 with order of Fhe spin-wave veIocity', and is the density of
n=0,1,2,3. Ifv<0, the minima positions will be the same states. It is remarkable that at high temperatukg3> 2t,,
after the linear transformation to a new coordingte= ¢ this rate does not depend on the value of the tunneling fre-

—7/4. It is clear that, besides the radial and azimuthal Vi_querrl]cy. . _ o also g but
brations near the four minima, there is quantum tunnelin& The static DM interaction also gives a contribution to
a

between the minima. The azimuthal tunneling frequency. »t- I fact, it was already considered in Refs. 8 and 9 as
to/% between the nearest minima is estimated to be the main source of the EPR broadening in the undoped cu-

prates. This contribution becomes important in comparison
Po with Eq. (11) only at low temperatures, where the latter de-
to=hdexp(—{);  {=y7 VMV, (8)  creases exponentially. However, at low temperatures the
main broadening comes from the second term in(Bgand
Here () is the frequency of vibrations at the bottom of the we omit the contribution of the static DM interactions to
minima, v is a numerical constant of the order of unikf,is L', .
an oxygen mass/,=(1/2)|v|pg is the azimuthal energy bar- ~ Our next step will be the calculation of the second term in
rier between the minima. The lowest fourfold vibrational I'efs given in Eq.(3). We have mentioned already that at
level becomes split due to the tunneling into three levels: on&igh temperatures the effective EPR linewidth decreases
twofold level remains unshifted, and two others are shifted awith increasing Mn concentration. However, at low tempera-
+2t,. The radial tunneling between the minima is less im-tures this behavior changes to the opposite: the EPR line-
portant. At this point static distortions of the octahedra arewidth becomes proportional to the Mn concentrafioAt
absent. Below the temperature of a structural phase transitidgast two conclusions can be made from this observation:
every octahedron experiences a “molecular field” due to arthe opening of the bottleneck takes placg) the mean
elastic interaction between distortions and rotations of théquare of the local-field distributiof(Aw)?) is likely to be
octahedra, which makes the minima nonequivalent. For &ue to the interaction between the Mn ions. The usual direct
particular choice of the molecular fielt, coupled to the magnetic dipole-dipole interactions are too weak to be the
normal coordinat®s= p, cose, the only nonzero values for reason of the measured line broadening. The indirect inter-
the minima are at)o=0 and¢,=  (after projection on the actions via the Cu spin excitations by means the isotropic
four lowest eigenstatesThen the correlation functions and Mn-Cu exchange coupling in Eq1), proposed in Ref. 4
static distortions for the normal modes can be expressed ipeems to be ruled out too, because of the fast local rotational

1 1
Vip.0)=—5ke"t zpurv(l-cosdp)ls (7 (230 po)atoé .

2m(ha)c,

tun_
oL

(11)

form averaging of the Cu spin susceptibility above theeNem-
perature(if there is no local spin texture of the skyrmion
(Q4lQ4)0={(Qs5|Q5) type). As a result, the Mn-Mn spin interactions become iso-
tropic and give no contribution to the broadening of the EPR
= p? tanf(to/kgT) line. A reasonable candidate for the anisotropic spin interac-
OexphwlkgT)—1 tion between the Mn and Cu ions can be the two-particle

interaction of the type in Eq5). Since the spin-orbit cou-
pling of the Mn ion is rather weak, th@,/Qs distortions of
the octahedron around the Cu are important only:

X[8(hw—2ty)— 8(hw+2ty)]; (9)

to

w
<Q5>:P02_totan|‘(k5—-|— : (10

JsoA . o _ o
HE, == > [(S)o}—SPo])Q}+(Shok—Sol) QL.
To calculatel’,;, defined in Eq.(6) we need now the )

2a {p]
spin-correlation functions. Unfortunately, the corresponding (12)

reliable theory was developed up to now only for the un-the regylt for the second term in E@®) due to the Mn-Mn
doped cuprates in terms of a two-dimensio8al 1/2 quan-  gpisotropic spin interactions via spin fluctuations of the Cu

tum He_isenberg z_intiferromagr_]et on a square latfics. the spin system is the followingsee details in Appendix B
same time, a variety of experimental results on the nuclear-

spin relaxation in doped cuprates were successfully de-

2 2 4
scribed on the basis of the phenomenological expression idfA) >: yS(S+1)(23,)"acsé | ApoW tanl‘(t—oﬂ _
the spin susceptibility of Milis, Monien, and Pines I'ss 12a%kgT 2aty kgT
(MMP).Y" Using Eqs(6) and(9) and the MMP model for the (13
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A. SHENGELAYA et al. PHYSICAL REVIEW B 63 144513

This formula is valid ifty=w. In the casé¢,<w the situation  our experimental resultAH,,=1.2¥ 103 Oe for the X
changes significantly, since every octahedron now is local=0.10 sample. For optimal doping=0.15, we havey®

ized in one of the minima, with its population controlled by —2 3% 107 emu/g andAH ;= 3.1x 10® Oe, which can be

the temperature. This picture is similar to the transformatiorbompared with our result okH ,,=1.35x 10® Oe. We find

of the dynamic Jahn-Teller effect into a static one by theinat the agreement is reasonable, having in mind an uncer-
additional splitting of vibronic energy levels by the lattice {ainty of the constants used. These estimations show that the
distortions}8 So, Eq_.(lS) has to be modified in this case by proposed mechanism of the EUEPR broadening is effec-
the following substitutions: tive enough at high temperatures, what was a long-standing

problem up to now.

— 41222 € At low temperatures the tunneling motion is less effective
2to—e=VAty W, tanif ZkBT”' and the second term iR ¢; due to the partial opening of the
(14 bottleneck in Eq(13) plays the main role. We estimate it for

the sample withx=0.1 atT=10 K. Besides the constants

At low temperatures the second substitution makes no differused above, we takg=0.02, J;,~500 K, andS=5/2. It

ence, however, it is important faT>s. The same effect S€ems, however, that we should take a larger valug jat
of the static picture appearstf<T's low temperatures. Recently, Biancagtial® have found that
”-

below a characteristic temperatufé =100 K about one-
third of all octahedra in the sample witk=0.15 have a
V. COMPARISON OF THE MODEL WITH THE tilting angle #=16° instead of#=5° after the HTT=LTO
EXPERIMENTAL RESULTS transition. A similar observation was made by Lanzara

First of all we estimate the value of the relaxation rate€t al? from x-ray-absorption near-edge StructWdANES)
I' ;. given in Eq.(11) at high temperatures in order to find in the sample withk=0.06, whereT* increases from 110 to
out whether the proposed mechanism due to the azimuthdi7O K upon replacing®®O with **0. One can expect that a
tunneling motion of the octahedra is effective enough to givesimilar effect will happen withQ,/Qs distortions and we
a large broadening of the EPR line. We expect thafat take po=0.3 A. We use also the MMP parameters
=200 K the ratel',, does not depend ofy because of the ac,£/a’°~100 andw=2t,. Inserting all these values in
relationty<kgT. For our estimation we take the orbit-lattice Eq.(13) givesAH~1.1x10® Oe. This value has to be com-
coupling G=2A, whereA is the crystal-field splitting be- pared with our experimental resulH=2x10° Oe atT
tween the ground and excited orbital energy levelhe =10 K for x=0.1. The agreement is reasonable, since we
spin-orbit coupling and the exchange Cu-Cu integral are welhave omitted the pure rotations, which can give a noticeable
known® \/A~0.066 and)=1500 K. A value of the radial contribution at low temperatures. The above considerations
position of the minimap, (the projection of the apical oxy- show that our model is able to give a reasonable agreement
gen onto thex—y plang, which is expected to be of the with the observed EPR linewidth at high and low tempera-
same order of magnitude as for the octahedra rotations at tHares.
structural phase transition, we tajg=0.1x10"8 cm. The
parameters of the MMP model were estimated in Ref. 17
from NMR experiments. For a doping leve+ 0.1 we have
aélc,=2.26x10%eV2. Inserting all these values into Eq.
(11), we obtainT',, ~1.7x 10! s™1, or the expected EPR To describe the temperature dependence of the EPR line-
linewidth in La_,Sr,CuQ, (without Mn) is AH,  width with our theoretical model, it is necessary to make a
=hl, /2ug~0.9x10* Oe. For x=0.15, «é/c;=2  definite conclusion on the temperature dependence of the
x 10%eV? and AH, ~0.8x 10" Oe. These values are too spin-correlation length&(T). Barzykin and Pinéd have
large for observing an EPR signal at the usual frequencies. Ifound from the NMR measurements that in underdoped
addition, the EPR intensity is proportional to the susceptibil-samplesé(T) is given by
ity x2, which is very small in cuprates. This can explain the
EPR silence of La ,Sr,CuQ, and similar compounds. & T

It was explained above that the samples doped with ﬁ:1+ T (15
Mn show an EPR signal with a linewidth reduced by the ¢

factor x,/(xs+x,) at high temperatures due to the bottle- where&, andT, are constants, both depending on the doping
neck effect. In(t)eresting high-precision susceptibility mea-jeye| This behavior agrees qualitatively with the quantum
surements 201qu for La, ,SKCuQ, were performed by Hejsenberg antiferromagnet theory for the quantum critical
Muller et al." with x in the range 0.08 x<0.2. The experi- regime!® It is important to point out that although such a
mental values foys+ x,, are available for the Mn concen- pehavior is acceptable for the underdoped samples, it breaks
trations OOEy$006 and 6=sx<0.30, bEing not very sen- down for the dop|ng levelx<0.02, where the Spin_
sitive to the Sr conterftin our case withy=0.02, xs+x,  correlation length becomes exponentially divergent. This
=5.7x10 " emu/g at T=200 K. If we take x°=1.3 il change the spin dynamics of our system, since it remains
x10 7 emu/g for x=0.09, we obtain AHeff=Xf’,/(Xs now in the deep bottleneck regime even at very low tempera-
+x,)AH, ~2%x10° Oe. This value can be compared with tures.

1o 1
kB—T) — E 1+tank?

VI. TEMPERATURE AND DOPING DEPENDENCE
OF THE EPR LINEWIDTH
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FIG. 5. Temperature dependence of the EPR linewilith,,
for 160 isotope samples of ba,Sr,Cly Mg o0, With x=0.06,
0.10, and 0.15. The solid lines represent the best fit to Eg.with
parameters listed in Table I.

The spin susceptibilities involved ihiy¢s also depend on
temperature. According to Ref. 23(,2 in our temperature
range can be approximated by a linear function angl/(
+ x,) was found to be proportional to temperatfif8o, we
can take

T
1+ —

0
Xo _cr
TX

X5+er_

(16)

whereC andT, are doping dependent constants. Using Egs
(3), (11), and(13) we can write the fitting function for the
static regime according to E¢l4)

&

2T

to’T
esinhe/T)
B/w\*

&

7 )
€=\ 4t02+W2.

-
Here A, B, ty, andw are fitting parameters. Figure 5 shows

T

= + —
AHet T

A

-1

1+ tant? : (17

Te
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VII. THE ISOTOPE EFFECT

The isotope effect appears in our model due to the
exponential dependence of the tunneling frequerigy
= exp(=¢) given in Eq.(8) on ¢ and thus on the oxygen
massM. Also frequency of the vibrations near the potential
minimaQ depends oM, Q~ 1/\/M. Forx=0.06 sample we
observed an isotope effect on EPR linewidth
(*|AH)/(**AH)=1.2 at T=50 K. Using this experimental
value and takingp,=0.1 A, we obtain from Eq(13) the
reasonable value of the potential barrier between the minima
V,=300 K.

According to Eq.(11), the isotope effect is absent at high
temperatures, in agreement with the experimental results.
Using our model it is also possible to understand the doping
dependence of the isotope effect. It is well known that the
hole doping strongly reduces the temperature of the struc-
tural phase transition. Therefore one can expect that the
value of the potential barriev, decreases with doping. The
latter reduces the value ¢f This results in a fast increase of
the tunneling frequency,, as well as in a reduction of the
isotope effect. Moreover, the increase tgfleads to a de-
crease of the second term Iny in Eq. (3), shifting the
minimum in the EPR linewidth towards low temperatures. In
the undoped sample the isotope effect disappears because of
two reasons: First, the potential barrier becomes so high that
to<<w. Second, what is more important, the Cu spin-system
enters in the renormalized classical regime with the exponen-
tial divergence of the spin-correlation lengéhat low tem-
peratures. In this case the main contribution to the EPR line-
width at low temperatures arises from the first term in Eq.
(3), sincel’,, is now proportional to¢® due to the usual
magnetic dipole-dipole interactidi?. All these predictions of
this model are clearly observed in the present experiments.

From the above it is clear that the relaxation of thé Cu
spins via theQ,/Qs tilting modes due to the interaction
given in Eq.(5) can explain the isotope effect on the EPR
linewidth. In a recent EPR study on 4aSr,CuQ, broad
lines were observed, which were analyzed in terms & a
=1/2 three-spin polaron, consisting of two uions and

the linewidth data and the corresponding fitted curves usingne oxygen holé. The essential part of the analysis is a

Eq. (17) for the samples witlx=0.06, 0.10, 0.15. One can
see that the agreement is good. To reduce the number
fitting parameters we toolK ;=34 K according to Ref. 20
and the molecular fieldv=10 K for all doping levels. The
fitting parameters together with the valuég from Ref. 21
are listed in Table I.

TABLE I. The fitting parameters of the EPR linewidtH ,, in
La, ,Sr,Cuy ogVing o0, using Eq.(17). The molecular field param-
eterw and the parameter; defined in Eq.(15) are taken to bav
=10 K andT,=34 K (see text

Srdoping T,(K)® Ax10°%(kOe/K?) Bx10 ¥(kOeK)
x=0.06 560 0.432 100.8
x=0.1 320 0.504 182.2
x=0.15 484 0.663 95.57

aT , is extracted from Ref. 21; see E{.6).

dynamicalQ, mode distortion of the oxygen square around a
duw’" ion in the CuQ plane. Therefore the question arises
what is the relation of th€,/Qs dynamics with theQ, one.

At this point the local structural information gained by EX-
AFS is of relevancé.The time scale of this x-ray technique
is 10 ¥ s, i.e., quasi-instantaneous. With this technique two
local octahedral deformations were detectéd: a quasi-
tetragonal distortion(distortion A), assigned to metallic
stripes with high hole concentration, afid) an octahedral
distortion (distortion B), in which the Cu-O squares af@,
distorted. Due to the elongation along one direction the
CuQ, platelet of the Cu@ octahedra gets tilted out of the
plane byQ,/Qs rotation (see Fig. 6. Therefore there is a
sterically induced linear relationship between the planar
Jahn-Teller Q distortion and the Q/Qs tilting of the octa-
hedra causing the Cii EPR relaxation. Site selective oxy-
gen isotope studies showed that up to 80% of the isotope
shift on T, is due to the planar oxygeR3Thus it is clear that

144513-7



A. SHENGELAYA et al. PHYSICAL REVIEW B 63 144513

164 8k also thank Guo-meng Zhao for valuable discussions. One of
ZT }——- |-—>| the authorgB.I.K.) wishes to thank Ziich University for its
¥ hospitality. This work was supported by the Swiss National
4 Science FoundationGrant Nos. 7 IP 51830 and 20-
ki 55.615.98,
\ APPENDIX A
The improved MMP expressiéhfor the staggered spin
susceptibility is
a§2
Xo(0,0)= . (AD

1+ 22— (0l A)2—i(wl wsp)

where ¢ is the spin correlation lengthy is the density of
states,A=c/¢ is the gap in the spectrum of the spin-wave
excitations with a velocityc, and wgg is the characteristic
frequency of the damping of the spin excitatiomsse
=c4 /& with the constant, of the orderc. The time Fourier
FIG. 6. Schematic view of the distorted CyOctahedra based transform of the staggered spin-correlation function is de-
on EXAFS measurement&Ref. 3. Left side: octahedra with a fined by the spin susceptibility by the general relation
quasitetragonal distortiofdistortion A). Right side: octahedra with
an octahedral distortio(distortion B. Note that the plana®, dis-

distortion A distortion B

g =T
tortion sterically induces large tiltin@,/Qs mode. 4<U5t0St o exphwlkgT)—1 Im x,(Q,0).  (A2)
the pairing mechanism occurs in the Gu@lane. However, In a similar way we have for the spin-correlation function
the EPR relaxation through th@,/Qs tilting is related to o the total spin
this pairing interaction.

24 x° r
VIIl. SUMMARY 7 g
R exholkeT) —1 M Ty—iw’ #9

In summary, we studied the EPR in Kn doped
La,_,Sr,Cu0, with %0 and 80 oxygen isotopes. We ob- Where the damplng“q in the hydrodynamical approximation

served that the EPR linewidth is isotope dependent. The linds I'q=Dg? As a matter of fact, the final expression is not
width for the 0 sample is larger than for th€O sample. sensmve to this approximation in the calculationIof, in
The isotope effect is large in underdoped region. With in-Eq. (6), if I'q<wse. Inserting Eqs(A1)—(A3) and (9) into
creasing Sr doping the isotope effect decreases and disapd. (6), we obtain
pears in the overdoped regime. )
In order to explain the observed isotope effects, a theoret- rtun_ (zJApo) a
ical model is proposed which relates the EPR linewidth with oL anha? sinh(2ty/kgT)
the tilting and tunneling modes of the oxygen octahedra
™ ’( wsp  2tow SF)
— —arcta —1 .

X

around the copper. This model leads to a Hamiltonian in
(A4)
2 2t0 AZ

which the Q, and Qs modes are coupled linearly to

Dzyaloshinsky-type spin terms. This new theoretical ap-

proach allows an estimation of the intrinsic antiferromagneti-in the case < wgr<A we obtain Eq(11) given in the text.

cally coupled EPR relaxation time, and provides an explana-

tion for the long-standing problem of EPR silence in high- APPENDIX B

cuprates. Furthermore, the observed large isotope effect on

the EPR linewidth can be quantitatively accounted for by this The interaction between the Mn ions due to the aniso-

theory. tropic Mn-Cu couplingH? < LEQ. (12)] via the spin fluctua-
The relaxingQ,4/Qs local rotational modes are coupled tions of the Cu spin system can be written in the form

sterically and linearly to the in-plar@, quadrupolar modes.

TheseQ, modes are Jahn-Teller active and considered as o JssM)? S S E2, (gD

relevant for the(bi)polaron formation in the cuprates and S 4a2N aXold

therefore for the occurrence of the high-temperature

superconductivity? X[2(Q XSS+ S5S)
ACKNOWLEDGMENTS +((Q4)%S, S, +(Q-)*S,S)]1. (B1)

We would like to thank O. Schirmer for carefully reading Here x,(Q) = x,(9,0=0), F, is the form factor from Eq.
the manuscript which has led to clarifications in the text. We(2), and
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S*=5+iY, Q.=Qs*iQ,. verse nuclear-spin relaxation rate. They have shown that the

. second term in Eq(B3) can be neglected. Substituting,
We have taken into account that the nonzero value of the x.(q) from Eq. (A1), we have in the case of HFFLTO

normal modes of different octahedra equals to their statig ., cition
value, induced by the structural transition.

The mean square og the local-fields distributi@a w)?) oY 23, A(Qs)\ 4 &\

due to the interactiom? is (Ao))= - S(S+tD|— | |75 - BY
d d o-
(Aw)?) =<[S+,Hss][Hss,S 1o St 2 (S+igY) Now we need an explicit expression for the relaxation rate
d (S"S7 ) ' P TR between the Mn and Cu spin systems due to the isotropic
(B2) exchange interactioh,, . Substituting Eq(Al) into Eq.(2),
. .. we have
where[A,B]=AB—BA, (---)o means an averaging with
unperturbed statistical operator. The result is the following: 1 (2350)2 akgT (5
soT o .
J o'A Q 4 1 2w f WsE
(Aw)?)=28(S+1) JaANQ)) < > Faxg : . :
6 a NG 9t Finally, substitutingwsr and(Qs), we obtain
2
_( s p, ) By (AP ySStLEL) et A”°W+anr( to ) ‘
N < 9% T, 12a%kg T 2ato keT/ ]’

Herey is the Mn concentration. This expression is similar to (B6)
the formula obtained by Thelen and Pifiefor the trans-  given in the text as Eq(13).
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