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Tilting mode relaxation in the electron paramagnetic resonance of oxygen-isotope-substituted
La2ÀxSrxCuO4:Mn 2¿
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The electron paramagnetic resonance~EPR! of Mn21 doped into La22xSrxCuO4 was used to probe the
copper spin relaxation via the bottleneck effect for oxygen isotope (16O and 18O) substituted samples. The
concentration rangex 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 the18O isotope samples than for the
16O samples. The isotope effect is pronounced at low temperatures and decreases with increasing Sr concen-
tration. This effect is quantitatively explained by the Cu21 S51/2 spin relaxation to the lattice via
Dzyaloshinski terms coupled linearly to the localQ4 /Q5 tilting modes of the CuO6 octahedra as proposed
by B. I. Kochelaev@J. Supercond.12, 53 ~1999!#. The Q4 /Q5 modes are coupled sterically to theQ2

Jahn-Teller modes considered to be relevant for the~bi!polaron formation and thus for the high-temperature
superconductivity.

DOI: 10.1103/PhysRevB.63.144513 PACS number~s!: 74.72.Dn, 76.30.2v
a
m

R
R

i
c

st
r

wa

v
e
-
se
ion
th

he

y

ef
ffe

iso-
ap-
tope
ri-

ky-
ted.
x-

e
bsti-
res-
he

R-
he-
en

or-
the
par-

he
ex-
was
the
re-
I. INTRODUCTION

The investigation of high-Tc superconductors has, from
magnetic resonance point of view, until recently been do
nated by nuclear magnetic resonance~NMR!. The observa-
tion of electron paramagnetic resonance~EPR! is of great
interest, because the time domain of observation of EP
two to three orders of magnitude shorter than that of NM
However, the application of EPR to high-Tc cuprates was
restricted owing to the absence of intrinsic EPR signals
these compounds. The reason of the EPR silence in the
prates is due to the extremely large linewidth, which is e
mated in the present study. The situation has improved
cently, when the EPR from trapped three-spin polarons
observed in La22xSrxCuO4, in which the presence ofQ2-
type Jahn-Teller~JT! polarons were identified by Kochelae
et al.2 in agreement with extended x-ray-absorption fin
structure~EXAFS! studies.3 Another approach in the appli
cation of EPR to high-Tc superconductors is to dope the
compounds with small amounts of some paramagnetic
which are used to probe the intrinsic behavior. One of
best candidates is Mn, which in the 21 valent state gives a
well defined signal and substitutes for the Cu21 in the CuO2
plane. Recently, Kochelaevet al.4 have intensively studied
the EPR of Mn21 doped La22xSrxCuO4. They found that the
Mn ions are strongly coupled to the collective motion of t
Cu spins~the so called bottleneck regime!. The bottleneck
regime allows to obtain substantial information on the d
namics of the copper electron spins in the CuO2 plane.4

We decided to take advantage of the Mn21-doped
La22xSrxCuO4 and search for possible oxygen isotope
fects on the EPR signal. We observed a large isotope e
0163-1829/2001/63~14!/144513~9!/$20.00 63 1445
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on the EPR linewidth in the underdoped samples. The
tope effect decreases with Sr doping and practically dis
pears in the overdoped region. The observed large iso
effect can be quantitatively described by a symmetry inva
ant Hamiltonian in which the octahedralQ4 and Q5 tilting
and tunneling modes are coupled linearly to Dzialoshins
type spin terms. The coupling constants can be estima
This then allows an estimation of the intrinsic EPR rela
ation time in the La22xSrxCuO4 for the doped CuO2 plane.
Furthermore, the intrinsicQ4 /Q5 tilting of the octahedra re-
sulting from theQ2 JT distortions deduced from EPR~Ref.
2! and EXAFS~Ref. 3! is underlined.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of La22xSrxCu12yMnyO4
with 0.06<x<0.20 and 0.01<y<0.04 were prepared by th
standard solid-state reaction method. Oxygen isotope su
tution has been made at 800°C for 30 h in an oxygen p
sure of ;1.0 bars. Oxygen isotope enrichment of t
samples were determined using thermogravimetry. The18O
samples have about 85%18O and 15%16O. The EPR mea-
surements were performed at 9.4 GHz using a Bruker E
200D spectrometer equipped with an Oxford Instruments
lium flow cryostat. The temperature was controlled betwe
4.2 and 300 K by an ITC-502 temperature controller. In
der to avoid a signal distortion because of skin effects,
samples were ground and the powder was suspended in
affin. It is important to note that the EPR spectra for t
samples with different oxygen isotopes were taken with
actly the same spectrometer conditions. Special care
taken also to perform the experiments on samples with
same mass, mounted in identical sample tubes, etc. The
©2001 The American Physical Society13-1
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producibility of the measured EPR signals was checked s
eral times. Thus the EPR signals obtained for samples w
different oxygen isotopes can be directly compared.

III. EXPERIMENTAL RESULTS

We observed an EPR signal in all examined samples.
line shape of the signal is Lorentzian and symmetric throu
out the whole temperature range. The resonance field co
sponds tog;2, a value very close to theg factor for the
Mn21 ion. Figure 1~a! shows typical EPR spectra forx
50.06, y50.02 sample with different oxygen isotopes16O
and 18O. Investigation for Sr doping below 0.06 will be
subject to another publication.5 From Fig. 1~a! one can see a
difference between the EPR signals of the two isoto
samples. Analysis of the spectra showed that the inte
intensities of the EPR signals in two isotope samples are
same, but the linewidths are different. The linewidth for t
18O sample is larger than for the16O sample, giving rise to
different amplitudes for the EPR signal for two isoto
samples. We performed measurements on back-excha
samples in order to check whether the observed isotope
fect is intrinsic. The corresponding results are presente
Fig. 1~b!. It is seen that the isotope effect is completely
versible. We studied also the samples with different Mn c

FIG. 1. ~a! EPR signal of 16O and 18O samples of
La1.94Sr0.06Cu0.98Mn0.02O4 measured atT550 K under identical ex-
perimental conditions. The fits to a Lorentzian line shape are
resented by solid lines.~b! EPR signal of16O and 18O samples of
La1.94Sr0.06Cu0.98Mn0.02O4 after isotope back exchange from18O to
16O ~BE 16O) and from16O to 18O ~BE 18O). One can see that th
isotope effect is reversible.
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centration (y50.01, 0.04! in order to clarify the role of Mn
doping in the observed isotope effect. We found that
absolute value of linewidth changes with Mn concentratio
however the isotope effect itself is independent on Mn c
tent. This shows that Mn21 serves as an EPR probe and t
observed isotope effect is intrinsic to La22xSrxCuO4. Taking
this into account we studied samples with a fixed Mn co
centration ofy50.02 and different Sr doping.

Figure 2 shows the temperature dependence of the l
width for thex50.06 sample with different oxygen isotope
With decreasing temperature the linewidth decreases, pa
through a minimum at a temperatureTmin and increases
again on further cooling. A similar temperature depende
was observed by Kochelaevet al.4 in an EPR study of Mn-
doped La22xSrxCuO4 with 16O isotope. From Fig. 2 one ca
see that the observed isotope effect on the EPR linewidt
temperature dependent. The isotope effect is large at
temperatures and gradually disappears aboveTmin at high
temperatures.

We found that the isotope effect decreases with increas
Sr concentration. EPR spectra and the temperature de
dence of the EPR linewidth for the more doped samplex
50.10 with different oxygen isotopes are shown in Figs
and 4, respectively. One can see that the isotope effec
smaller than for thex50.06 sample, but the qualitative be
havior is the same. We also measured optimally doped

p-

FIG. 2. Temperature dependence of the peak-to-peak EPR
width DHpp for 16O and18O samples of La1.94Sr0.06Cu0.98Mn0.02O4.

FIG. 3. EPR signal of 16O and 18O samples of
La1.90Sr0.10Cu0.98Mn0.02O4 measured atT550 K under identical ex-
perimental conditions.
3-2
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TILTING MODE RELAXATION IN THE ELECTRON . . . PHYSICAL REVIEW B63 144513
overdoped samples. In the optimally doped samplex50.15
the isotope effect still exists at low temperatures, but it
very small and completely disappears in the overdo
samplex50.20.

To see what happens in samples without Sr doping,
performed the EPR in parent compound La2CuO4 with dif-
ferent oxygen isotopes. No isotope effect was found for th
samples. This result indicates that the holes doped to C2
planes are crucial to observe the isotope effect on the E
signal.

IV. ORIGIN OF THE EPR LINEWIDTH

The main spin interaction of the Mn ion with other d
grees of freedom is an isotropic exchange interaction w
neighboring Cu ions:

Hss5
1

2 (̂
p j&

Jss~Sps j !. ~1!

HereJss is the exchange integral between Mn and the nei
boring Cu ions,Sp ands j /2 are the spin operators of the M
and Cu, respectively~s is the Pauli matrix!, ^p j& means the
sum over neighboring sites. It is tempting to think that t
mechanism of spin relaxation of the Mn ion is similar to t
relaxation of nuclear spins coupled by the isotropic hyperfi
interaction to the Cu spin-system. However, this naive
proach is not valid here. The main difference is that
Larmor frequencies of Mn and Cu ions are very close to e
other and the isotropic exchange between them is v
strong, being of the same order of magnitude as the isotr
exchange between the Cu ions. In this situation a collec
motion of the transverse homogeneous magnetizations o
Mn and Cu ions appears, if the relaxation rate between th
Gss is faster than the relaxation of each of them to the latt
GsL andGsL : Gss@GsL ,GsL ~bottleneck effect!. An expres-
sion for the relaxation rateGss is similar to the well known
nuclear relaxation rate 1/T1 in which the hyperfine coupling
constantA is replaced byJss :4

Gss5S Jss

\ D 2 kBT

\N (
q

Fq
2 ImFxs

i ~q,v2vs!

v2vs
1

xs
'~q,v!

v G ,
~2!

FIG. 4. Temperature dependence of the peak-to-peak EPR
width DHpp for 16O and18O samples of La1.90Sr0.10Cu0.98Mn0.02O4.
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Fq52~cosqxa1cosqya!.

Here xs
i (q,v) and xs

'(q,v) are the longitudinal and trans
verse dynamical spin susceptibilities of the Cu spin syste
N is the number of Cu ions in the CuO2 plane, q is the
two-dimensional wave vector,vs is the resonance frequency
andFq is the form factor. The ratio of electron and nucle
relaxation rates is equal to (Jss /A)2. Therefore one can
make a rough estimate ofGss , using an experimental valu
of the 63Cu nuclear relaxation rate 1/T1. Taking Jss

5500 K, A5100 kOe/mB and 1/T152700 s21 ~which is
doping and temperature independent at high temperatur6!,
we obtainGss'1013 s21. One can expect that this enormou
value provides the condition of the bottleneck regime.
low temperatures 1/T1→0 for doped samples.6 The same can
be expected forGss . Consequently at low enough temper
tures a partial opening of the bottleneck will take place.
the bottleneck regime the effective relaxation rateGe f f is
controlled mainly by the individual relaxation rates of M
and Cu ions to the latticeGsL and GsL weighted by the
corresponding static spin susceptibilities:

Ge f f5
xs

0GsL1xs
0GsL

xs1xs
1

^~Dv!2&
Gss

. ~3!

The last term takes into account a partial opening of
bottleneck at low temperatures whereGss→0. ^(Dv)2& is
the mean square of the local fields distribution at the M
sites.xs

0 , xs
0 andxs , xs are the bare and renormalized sp

susceptibilities of the Mn and Cu spin systems, respectiv
The latter are

xs,s5xs,s
0

11lxs,s
0

12l2xs
0xs

0
, xs

05yN
~gsmB!2

3kBT
,

~4!

l5
2zJss

NgsgsmB
2

,

wheregs andgs are theg factors,y is the concentration of
Mn ions,z is the number of their neighboring Cu ions. Us
ally, GsL is much smaller thanGsL , since the ground state o
the Mn21 ion is an orbitalS state and the spin-orbit interac
tion of Mn is rather small. This conclusion was indirect
confirmed experimentally by Kochelaevet al.,4 where the
EPR linewidth at high temperatures in such a system w
found to be inversely proportional to the concentration of M
ions @roughly xs1xs;y if xs

0@xs
0 in Eq. ~3!#. This finding

also provides a direct proof of the bottleneck regime. So,
can conclude that the broadening of the EPR line at h
temperatures can mainly be attributed to the relaxation of
Cu transverse magnetization to the latticeGsL . At the same
time, the contribution of this relaxation to the EPR linewid
is sufficiently reduced in the bottleneck regime by the fac
xs

0/(xs1xs),1. As a matter of fact, the bottleneck effect
used here as a tool to measure the EPR signal of the Cu
in La22xSrxCuO4 and to understand the mechanism of th
spin-lattice relaxation. This is only possible because the
ions serve as a local spin probe of the copper spin syste

e-
3-3
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The nature of the EPR silence of superconducting
prates and their parent compounds was a subject of inten
theoretical and experimental investigations.7 In particular,
Chakravarty and Orbach8 and Lazuta9 proposed that the EPR
line in La2CuO4 is severely broadened below room tempe
ture due to the anisotropic Dzyaloshinskii-Moriya~DM! in-
teractions, but they have concluded that EPR could be
served at elevated temperatures. Simonet al.10 extended the
search of the EPR signal in La2CuO41d up to 1150 K, but no
EPR signal was observed. They appeal to an additional c
tribution to the linewidth broadening at high temperatu
because of the modulation of DM interactions due to
change of the Cu-Cu distances by lattice vibrations.11 How-
ever, this contribution is much smaller compared to the st
one considered by Chakravarty and Orbach and there
cannot be the reason for the EPR silence. It seems at
point that any of the models proposed, including a rat
exotic ‘‘anyon mechanism’’ suggested by Mehran,12 is not
able to explain a very large broadening of the Cu21 EPR
signal in the superconducting cuprates and their parent c
pounds. Furthermore, they cannot explain the huge iso
effect on the linewidth presented in this work.

The isotope effect indicates an important role of the l
tice motion in the relaxation of the Cu magnetization. W
propose that an interaction between the Cu21 spin system
and the lattice motion in general is the same as in insulat
i.e., due to the modulation of the crystal electric field by t
lattice distortions and the spin-orbit coupling of the Cu ion
This mechanism usually leads to a rather slow spin-lat
relaxation rate, since the Kramers doublet is not sensitiv
the electric field because of time-reversal symmetry. Non
nishing matrix elements of the spin-lattice coupling app
only due to the external magnetic field. This gives an ad
tional very small factorgbH/D, whereD is the crystal-field
splitting of the orbital states. In our case the eigen state
the Cu spin system are defined mainly by the very la
isotropic Cu-Cu exchange, instead of the Zeeman interac
Roughly speaking, the Cu-Cu exchange couplingJ
51500 K will play the role of the magnetic field splittin
gbH.

The spin-orbit interaction couples the ground state of
Cu21 ion d(x22y2) to the excited statesd(xz) and d(yz)
only and the relations between the matrix elements are
tated for the Kramers doublet by the time-reversal symme
Taking this into account it was found that the Hamiltonian
the spin-lattice interaction has the following form:1

HsL5
JL

8a
(̂
i j &

@~sy
i sz

j 2sz
i sy

j !~Q4
i 2Q4

j !

1~sx
i sz

j 2sz
i sx

j !~Q5
i 2Q5

j !#, ~5!

L5
3lG

D2
.

Here Q4
i and Q5

i are the normal coordinates of the oxyg
octahedron CuO6, which describe its distortions due to th
tunneling motion of the apical oxygen between the four p
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tential minima without the rigid rotation of the octahedra
a whole. The constantsl andG correspond to the spin-orbi
and orbit-lattice coupling,D is the crystal-field splitting be-
tween the ground and excited orbital energy levels,^ i j &
means the sum over neighboring Cu sites in thex2y plane,
a is the lattice constant. One can see thatHsL has antisym-
metric properties of the DM interactions. A similar expre
sion can be obtained in the case of pure rotations of an o
gen octahedron without distortion withRx ,Ry ,Rz , which
correspond to the rotation of octahedron around thex,y,z
axes. However, in this case the constantL r is much smaller
than L.13 Therefore we omit the contribution of the pur
rotations on the spin relaxation to make our considerat
less cumbersome.

We calculated the transverse relaxation rateGsL , using
the usual decoupling scheme for the correlation functio
taking into account the antisymmetric properties ofHsL and
antiferromagnetic correlations of the Cu spins,

GsL5
~zJL!2

64\2xs
0kBT

E
2`

1`

d~ t2t8!

3@^Q4~ t !Q4~ t8!&1^Q5~ t !Q5~ t8!&#

3
1

N (
q

^sst
q ~ t !sst

2q~ t8!&^s tot
2q~ t !s tot

q ~ t8!&. ~6!

Heresst
q /2 ands tot

q /2 are the space Fourier transforms of t
staggered and total transverse spin polarizations of the
spin system, respectively,^•••& means an averaging with a
equilibrium statistical operator.

In order to find the correlation functions of the involve
normal modesQ4 andQ5 we take into account the following
considerations. It is well established that La22xSrxCuO4 ex-
periences a structural phase transition from a hi
temperature tetragonal~HTT! to a low-temperature ortho
rhombic~LTO! phase due to the rotations of the neighbori
octahedra around thex2y diagonal axis in opposite direc
tions, and further to the low temperature tetragonal~LTT!
phase. These structural phase transitions are due to pur
tations (Rx ,Ry ,Rz) because of an anharmonicity and a ve
strong coupling of rotations of the neighboring octahed
which share common oxygen ions in the CuO2 plane. The
structural phase transition temperatureTs depends on the
tunneling of the rotation motions. The transition occurs if t
coupling between rotations of neighboring octahedra do
nates over tunneling of rotations for a given octahedron
was found that even below the HTT-LTO transition tempe
ture, there is a distribution of local tilts of a relatively larg
magnitude~see Ref. 14 for a review!. Having these observa
tions in mind, we propose that the normal modesQ4 andQ5,
which describe the tilts of the octahedronz axis, are strongly
anharmonic, but the coupling between the neighboring o
hedra is weaker compared to pure rotations. Neverthel
Q4 /Q5 modes are influenced by the structural phase tra
tion, what can be described in terms of the ‘‘molecular field
w, which appears belowTs .
3-4
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Similar to the original work of Thomas and Mu¨ller15 on
phase transitions in perovskites, we can write a potential
ergy V(Q4 ,Q5) in the following form:

V~r,u!52
1

2
kr21

1

4
r4@u1v~12cos 4f!#; ~7!

Q45r sinf, Q55r cosf.

Here the constantsk.0 and u.0. In the casev.0 this
potential has four minima atr05Ak/u and fn5pn/2 with
n50,1,2,3. If v,0, the minima positions will be the sam
after the linear transformation to a new coordinatef85f
2p/4. It is clear that, besides the radial and azimuthal
brations near the four minima, there is quantum tunnel
between the minima. The azimuthal tunneling frequen
t0 /\ between the nearest minima is estimated to be

t05\V exp~2z!; z5g
r0

\
AMVa. ~8!

Here V is the frequency of vibrations at the bottom of th
minima,g is a numerical constant of the order of unity,M is
an oxygen mass,Va5(1/2)uvur0

4 is the azimuthal energy bar
rier between the minima. The lowest fourfold vibration
level becomes split due to the tunneling into three levels:
twofold level remains unshifted, and two others are shifted
62t0. The radial tunneling between the minima is less i
portant. At this point static distortions of the octahedra
absent. Below the temperature of a structural phase trans
every octahedron experiences a ‘‘molecular field’’ due to
elastic interaction between distortions and rotations of
octahedra, which makes the minima nonequivalent. Fo
particular choice of the molecular fieldw, coupled to the
normal coordinateQ55r0 cosf, the only nonzero values fo
the minima are atf050 andf25p ~after projection on the
four lowest eigenstates!. Then the correlation functions an
static distortions for the normal modes can be expresse
form

^Q4uQ4&v5^Q5uQ5&v

5p\r0
2 tanh~ t0 /kBT!

exp~\v/kBT!21

3@d~\v22t0!2d~\v12t0!#; ~9!

^Q5&5r0

w

2t0
tanhS t0

kBTD . ~10!

To calculateGsL defined in Eq.~6! we need now the
spin-correlation functions. Unfortunately, the correspond
reliable theory was developed up to now only for the u
doped cuprates in terms of a two-dimensionalS51/2 quan-
tum Heisenberg antiferromagnet on a square lattice.16 At the
same time, a variety of experimental results on the nucle
spin relaxation in doped cuprates were successfully
scribed on the basis of the phenomenological expression
the spin susceptibility of Millis, Monien, and Pine
~MMP!.17 Using Eqs.~6! and~9! and the MMP model for the
14451
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spin-correlation functions~see details in Appendix A!, we
arrive to the following result for the relaxation rate of th
total transverse spin of the Cu ions due to the tunnel
motion:

GsL
tun5

~zJLr0!2at0j

2p~\a!2c1
FsinhS 2t0

kBTD G21

. ~11!

Herej is the spin correlation length,c1 is the constant of the
order of the spin-wave velocity, anda is the density of
states. It is remarkable that at high temperatures,kBT@2t0,
this rate does not depend on the value of the tunneling
quency.

The static DM interaction also gives a contribution
GsL . In fact, it was already considered in Refs. 8 and 9
the main source of the EPR broadening in the undoped
prates. This contribution becomes important in comparis
with Eq. ~11! only at low temperatures, where the latter d
creases exponentially. However, at low temperatures
main broadening comes from the second term in Eq.~3! and
we omit the contribution of the static DM interactions
GsL .

Our next step will be the calculation of the second term
Ge f f given in Eq. ~3!. We have mentioned already that
high temperatures the effective EPR linewidth decrea
with increasing Mn concentration. However, at low tempe
tures this behavior changes to the opposite: the EPR l
width becomes proportional to the Mn concentration.4 At
least two conclusions can be made from this observation~i!
the opening of the bottleneck takes place,~ii ! the mean
square of the local-field distribution̂(Dv)2& is likely to be
due to the interaction between the Mn ions. The usual dir
magnetic dipole-dipole interactions are too weak to be
reason of the measured line broadening. The indirect in
actions via the Cu spin excitations by means the isotro
Mn-Cu exchange coupling in Eq.~1!, proposed in Ref. 4
seems to be ruled out too, because of the fast local rotati
averaging of the Cu spin susceptibility above the Ne´el tem-
perature~if there is no local spin texture of the skyrmio
type!. As a result, the Mn-Mn spin interactions become is
tropic and give no contribution to the broadening of the E
line. A reasonable candidate for the anisotropic spin inter
tion between the Mn and Cu ions can be the two-parti
interaction of the type in Eq.~5!. Since the spin-orbit cou-
pling of the Mn ion is rather weak, theQ4 /Q5 distortions of
the octahedron around the Cu are important only:

Hss
d 5

JssL

2a (̂
p j&

@~Sy
psz

j 2Sz
psy

j !Q4
j 1~Sx

psz
j 2Sz

psx
j !Q5

j #.

~12!

The result for the second term in Eq.~3! due to the Mn-Mn
anisotropic spin interactions via spin fluctuations of the
spin system is the following~see details in Appendix B!:

^~Dv!2&
Gss

5
yS~S11!~zJss!2ac1j

12a2kBT
FLr0w

2at0
tanhS t0

kBTD G4

.

~13!
3-5
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This formula is valid ift0>w. In the caset0,w the situation
changes significantly, since every octahedron now is lo
ized in one of the minima, with its population controlled b
the temperature. This picture is similar to the transformat
of the dynamic Jahn-Teller effect into a static one by
additional splitting of vibronic energy levels by the lattic
distortions.18 So, Eq.~13! has to be modified in this case b
the following substitutions:

2t0→«5A4t0
21w2, tanh4S t0

kBTD→ 1

2 F11tanh2S «

2kBTD G .
~14!

At low temperatures the second substitution makes no dif
ence, however, it is important forkBT@«. The same effect
of the static picture appears ift0,Gss .

V. COMPARISON OF THE MODEL WITH THE
EXPERIMENTAL RESULTS

First of all we estimate the value of the relaxation ra
GsL given in Eq.~11! at high temperatures in order to fin
out whether the proposed mechanism due to the azimu
tunneling motion of the octahedra is effective enough to g
a large broadening of the EPR line. We expect that aT
5200 K the rateGsL does not depend ont0 because of the
relationt0!kBT. For our estimation we take the orbit-lattic
coupling G'2D, whereD is the crystal-field splitting be-
tween the ground and excited orbital energy levels.19 The
spin-orbit coupling and the exchange Cu-Cu integral are w
known:19 l/D'0.066 andJ51500 K. A value of the radial
position of the minimar0 ~the projection of the apical oxy
gen onto thex2y plane!, which is expected to be of th
same order of magnitude as for the octahedra rotations a
structural phase transition, we taker050.131028 cm. The
parameters of the MMP model were estimated in Ref.
from NMR experiments. For a doping levelx50.1 we have
aj/c152.263103/eV2. Inserting all these values into Eq
~11!, we obtainGsL'1.731011 s21, or the expected EPR
linewidth in La22xSrxCuO4 ~without Mn! is DHsL
5\GsL/2mB'0.93104 Oe. For x50.15, aj/c152
3103/eV2 and DHsL'0.83104 Oe. These values are to
large for observing an EPR signal at the usual frequencie
addition, the EPR intensity is proportional to the suscepti
ity xs

0 , which is very small in cuprates. This can explain t
EPR silence of La22xSrxCuO4 and similar compounds.

It was explained above that the samples doped w
Mn show an EPR signal with a linewidth reduced by t
factor xs

0/(xs1xs) at high temperatures due to the bottl
neck effect. Interesting high-precision susceptibility me
surements ofxs

0 for La22xSrxCuO4 were performed by
Müller et al.21 with x in the range 0.06<x<0.2. The experi-
mental values forxs1xs are available for the Mn concen
trations 0.01<y<0.06 and 0<x<0.30, being not very sen
sitive to the Sr content.4 In our case withy50.02, xs1xs

55.731027 emu/g at T5200 K. If we take xs
051.3

31027 emu/g for x50.09, we obtain DHe f f5xs
0/(xs

1xs)DHsL'23103 Oe. This value can be compared wi
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our experimental resultDHpp51.23103 Oe for the x
50.10 sample. For optimal doping,x50.15, we havexs

0

52.331027 emu/g andDHe f f53.13103 Oe, which can be
compared with our result ofDHpp51.353103 Oe. We find
that the agreement is reasonable, having in mind an un
tainty of the constants used. These estimations show tha
proposed mechanism of the Cu21 EPR broadening is effec
tive enough at high temperatures, what was a long-stand
problem up to now.

At low temperatures the tunneling motion is less effect
and the second term inGe f f due to the partial opening of th
bottleneck in Eq.~13! plays the main role. We estimate it fo
the sample withx50.1 at T510 K. Besides the constant
used above, we takey50.02, Jss'500 K, andS55/2. It
seems, however, that we should take a larger value forr0 at
low temperatures. Recently, Bianconiet al.3 have found that
below a characteristic temperatureT* 5100 K about one-
third of all octahedra in the sample withx50.15 have a
tilting angle u516° instead ofu55° after the HTT→LTO
transition. A similar observation was made by Lanza
et al.22 from x-ray-absorption near-edge structure~XANES!
in the sample withx50.06, whereT* increases from 110 to
170 K upon replacing16O with 18O. One can expect that
similar effect will happen withQ4 /Q5 distortions and we
take r050.3 Å. We use also the MMP paramete
ac1j/a2'100 and w52t0. Inserting all these values in
Eq. ~13! givesDH'1.13103 Oe. This value has to be com
pared with our experimental resultDH523103 Oe at T
510 K for x50.1. The agreement is reasonable, since
have omitted the pure rotations, which can give a noticea
contribution at low temperatures. The above considerati
show that our model is able to give a reasonable agreem
with the observed EPR linewidth at high and low tempe
tures.

VI. TEMPERATURE AND DOPING DEPENDENCE
OF THE EPR LINEWIDTH

To describe the temperature dependence of the EPR
width with our theoretical model, it is necessary to make
definite conclusion on the temperature dependence of
spin-correlation lengthj(T). Barzykin and Pines20 have
found from the NMR measurements that in underdop
samplesj(T) is given by

j0

j~T!
511

T

Tj
, ~15!

wherej0 andTj are constants, both depending on the dop
level. This behavior agrees qualitatively with the quantu
Heisenberg antiferromagnet theory for the quantum criti
regime.16 It is important to point out that although such
behavior is acceptable for the underdoped samples, it bre
down for the doping levelx,0.02, where the spin-
correlation length becomes exponentially divergent. T
will change the spin dynamics of our system, since it rema
now in the deep bottleneck regime even at very low tempe
tures.
3-6
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The spin susceptibilities involved inGe f f also depend on
temperature. According to Ref. 21,xs

0 in our temperature
range can be approximated by a linear function and 1/xs
1xs) was found to be proportional to temperature.4 So, we
can take

xs
0

xs1xs
5CTS 11

T

Tx
D , ~16!

whereC andTx are doping dependent constants. Using E
~3!, ~11!, and ~13! we can write the fitting function for the
static regime according to Eq.~14!

DHe f f5H A
t0

2T

« sinh~«/T! S 11
T

Tx
D

1
B

T S w

« D 4F11tanh2S «

2TD G J S 11
T

Tj
D 21

; ~17!

«5A4t0
21w2.

HereA, B, t0, andw are fitting parameters. Figure 5 show
the linewidth data and the corresponding fitted curves us
Eq. ~17! for the samples withx50.06, 0.10, 0.15. One ca
see that the agreement is good. To reduce the numbe
fitting parameters we tookTj534 K according to Ref. 20
and the molecular fieldw510 K for all doping levels. The
fitting parameters together with the valuesTx from Ref. 21
are listed in Table I.

TABLE I. The fitting parameters of the EPR linewidthDHpp in
La22xSrxCu0.98Mn0.02O4 using Eq.~17!. The molecular field param
eterw and the parameterTj defined in Eq.~15! are taken to bew
510 K andTj534 K ~see text!.

Sr doping Tx(K) a A3103(kOe/K2) B31023(kOe K)

x50.06 560 0.432 100.8
x50.1 320 0.504 182.2
x50.15 484 0.663 95.57

aTx is extracted from Ref. 21; see Eq.~16!.

FIG. 5. Temperature dependence of the EPR linewidthDHpp

for 16O isotope samples of La22xSrxCu0.98Mn0.02O4 with x50.06,
0.10, and 0.15. The solid lines represent the best fit to Eq.~17! with
parameters listed in Table I.
14451
.

g

of

VII. THE ISOTOPE EFFECT

The isotope effect appears in our model due to
exponential dependence of the tunneling frequencyt0

5\V exp(2z) given in Eq.~8! on z and thus on the oxygen
massM. Also frequency of the vibrations near the potent
minimaV depends onM, V;1/AM . Forx50.06 sample we
observed an isotope effect on EPR linewid
(18DH)/(16DH)51.2 at T550 K. Using this experimenta
value and takingr050.1 Å, we obtain from Eq.~13! the
reasonable value of the potential barrier between the min
Va5300 K.

According to Eq.~11!, the isotope effect is absent at hig
temperatures, in agreement with the experimental res
Using our model it is also possible to understand the dop
dependence of the isotope effect. It is well known that
hole doping strongly reduces the temperature of the st
tural phase transition. Therefore one can expect that
value of the potential barrierVa decreases with doping. Th
latter reduces the value ofz. This results in a fast increase o
the tunneling frequencyt0, as well as in a reduction of the
isotope effect. Moreover, the increase oft0 leads to a de-
crease of the second term inGeff in Eq. ~3!, shifting the
minimum in the EPR linewidth towards low temperatures.
the undoped sample the isotope effect disappears becau
two reasons: First, the potential barrier becomes so high
t0!w. Second, what is more important, the Cu spin-syst
enters in the renormalized classical regime with the expon
tial divergence of the spin-correlation lengthj at low tem-
peratures. In this case the main contribution to the EPR li
width at low temperatures arises from the first term in E
~3!, sinceGsL is now proportional toj3 due to the usual
magnetic dipole-dipole interaction.8,9 All these predictions of
this model are clearly observed in the present experimen

From the above it is clear that the relaxation of the Cu21

spins via theQ4 /Q5 tilting modes due to the interactio
given in Eq.~5! can explain the isotope effect on the EP
linewidth. In a recent EPR study on La22xSrxCuO4 broad
lines were observed, which were analyzed in terms of aS
51/2 three-spin polaron, consisting of two Cu21 ions and
one oxygen hole.2 The essential part of the analysis is
dynamicalQ2 mode distortion of the oxygen square around
Cu21 ion in the CuO2 plane. Therefore the question aris
what is the relation of theQ4 /Q5 dynamics with theQ2 one.
At this point the local structural information gained by EX
AFS is of relevance.3 The time scale of this x-ray techniqu
is 10215 s, i.e., quasi-instantaneous. With this technique t
local octahedral deformations were detected:~i! a quasi-
tetragonal distortion~distortion A!, assigned to metallic
stripes with high hole concentration, and~ii ! an octahedral
distortion ~distortion B!, in which the Cu-O squares areQ2
distorted. Due to the elongation along one direction
CuO4 platelet of the CuO6 octahedra gets tilted out of th
plane byQ4 /Q5 rotation ~see Fig. 6!. Therefore there is a
sterically induced linear relationship between the plan
Jahn-Teller Q2 distortion and the Q4 /Q5 tilting of the octa-
hedra, causing the Cu21 EPR relaxation. Site selective oxy
gen isotope studies showed that up to 80% of the isot
shift onTc is due to the planar oxygens.23 Thus it is clear that
3-7
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the pairing mechanism occurs in the CuO2 plane. However,
the EPR relaxation through theQ4 /Q5 tilting is related to
this pairing interaction.

VIII. SUMMARY

In summary, we studied the EPR in Mn21 doped
La22xSrxCuO4 with 16O and 18O oxygen isotopes. We ob
served that the EPR linewidth is isotope dependent. The l
width for the 18O sample is larger than for the16O sample.
The isotope effect is large in underdoped region. With
creasing Sr doping the isotope effect decreases and d
pears in the overdoped regime.

In order to explain the observed isotope effects, a theo
ical model is proposed which relates the EPR linewidth w
the tilting and tunneling modes of the oxygen octahe
around the copper. This model leads to a Hamiltonian
which the Q4 and Q5 modes are coupled linearly t
Dzyaloshinsky-type spin terms. This new theoretical a
proach allows an estimation of the intrinsic antiferromagn
cally coupled EPR relaxation time, and provides an expla
tion for the long-standing problem of EPR silence in high-Tc
cuprates. Furthermore, the observed large isotope effec
the EPR linewidth can be quantitatively accounted for by t
theory.

The relaxingQ4 /Q5 local rotational modes are couple
sterically and linearly to the in-planeQ2 quadrupolar modes
TheseQ2 modes are Jahn-Teller active and considered
relevant for the~bi!polaron formation in the cuprates an
therefore for the occurrence of the high-temperat
superconductivity.24
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APPENDIX A

The improved MMP expression20 for the staggered spin
susceptibility is

xs~q,v!5
aj2

11q2j22~v/D!22 i ~v/vSF!
, ~A1!

where j is the spin correlation length,a is the density of
states,D5c/j is the gap in the spectrum of the spin-wa
excitations with a velocityc, and vSF is the characteristic
frequency of the damping of the spin excitationsvSF
5c1 /j with the constantc1 of the orderc. The time Fourier
transform of the staggered spin-correlation function is
fined by the spin susceptibility by the general relation

1

4
^sst

q sst
2q&v5

2\

exp~\v/kBT!21
Im xs~q,v!. ~A2!

In a similar way we have for the spin-correlation functio
for the total spin

1

4
^s tot

q s tot
2q&v5

2\xs
0

exp~\v/kBT!21
Im

Gq

Gq2 iv
, ~A3!

where the dampingGq in the hydrodynamical approximatio
is Gq5Dq2. As a matter of fact, the final expression is n
sensitive to this approximation in the calculation ofGsL in
Eq. ~6!, if Gq!vSF. Inserting Eqs.~A1!–~A3! and ~9! into
Eq. ~6!, we obtain

GsL
tun5

~zJLr0!2

4p\a2

a

sinh~2t0 /kBT!

3Fp

2
2arctanS vSF

2t0
2

2t0v SF

D2 D G . ~A4!

In the case 2t0!vSF!D we obtain Eq.~11! given in the text.

APPENDIX B

The interaction between the Mn ions due to the ani
tropic Mn-Cu couplingHss

d @Eq. ~12!# via the spin fluctua-
tions of the Cu spin system can be written in the form

Hss
d 5

~JssL!2

4a2N
(
pr

(
q

Fq
2xs~q!eiq~p2r !

3@2u^Q1&u2~SpSr1Sp
zSr

z!

1~^Q1&2Sp
2Sr

21^Q2&2Sp
2Sr

2!#. ~B1!

Here xs(q)5xs(q,v50), Fq is the form factor from Eq.
~2!, and
3-8
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S65Sx6 iSy, Q65Q56 iQ4 .

We have taken into account that the nonzero value of
normal modes of different octahedra equals to their st
value, induced by the structural transition.

The mean square of the local-fields distribution^(Dv)2&d

due to the interactionHss
d is

^~Dv!2&d5
^@S1,Hss

d #@Hss
d ,S2#&0

^S1S2&0

, S65(
p

~Sp
x6 iSp

y!,

~B2!

where @A,B#5AB2BA, ^•••&0 means an averaging wit
unperturbed statistical operator. The result is the followin

^~Dv!2&5
y

6
S~S11!S JssLu^Q1&u

a D 4F 1

N (
q

Fq
4xq

2

2S 1

N (
q

Fq
2xqD 2G . ~B3!

Herey is the Mn concentration. This expression is similar
the formula obtained by Thelen and Pines25 for the trans-
A

.

e

ev

, A

n-
in
it
-
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verse nuclear-spin relaxation rate. They have shown that
second term in Eq.~B3! can be neglected. Substitutingxq
5xs(q) from Eq. ~A1!, we have in the case of HTT→LTO
transition

^~Dv!2&5
y

24p
S~S11!S zJssL^Q5&

a D 4S aj

\aD 2

. ~B4!

Now we need an explicit expression for the relaxation r
between the Mn and Cu spin systems due to the isotro
exchange interactionGss . Substituting Eq.~A1! into Eq.~2!,
we have

Gss5
1

2p S zJss

\ D 2 akBT

vSF
. ~B5!

Finally, substitutingvSF and ^Q5&, we obtain

^~Dv!2&
Gss

5
yS~S11!~zJss!2ac1j

12a2kBT
FLr0w

2at0
tanhS t0

kBTD G4

,

~B6!

given in the text as Eq.~13!.
.

t,

B
s.

e

J.

.
r

u-
1B. I. Kochelaev, J. Supercond.12, 53 ~1999!.
2B. I. Kochelaev, J. Sichelschmidt, B. Elschner, W. Lemor, and

Loidl, Phys. Rev. Lett.79, 4274~1997!.
3A. Bianconi, N. L. Saini, A. Lanzara, M. Missori, T. Rossetti, H

Oyanagi, H. Yamaguchi, K. Oka, and T. Ito, Phys. Rev. Lett.76,
3412 ~1996!.

4B. I. Kochelaev, L. Kan, B. Elschner, and S. Elschner, Phys. R
B 49, 13 106~1994!.

5A. Shengelaya, H. Keller, K. A. Mu¨ller, B. I. Kochelaev, and K.
Conder~unpublished!.

6T. Imai, C. P. Slichter, K. Yoshimura, and K. Kosuge, Phys. R
Lett. 70, 1002~1993!.

7F. Mehran and P. W. Anderson, Solid State Commun.71, 29
~1989!.

8S. Chakravarty and R. Orbach, Phys. Rev. Lett.64, 224 ~1991!.
9A. V. Lazuta, Physica C181, 127 ~1991!.

10P. Simon, J. M. Bassat, S. B. Oseroff, Z. Fisk, S.-W. Cheong
Wattiaux, and S. Schultz, Phys. Rev. B48, 4216~1993!.

11T. G. Castner, Jr. and M. S. Seehra, Phys. Rev. B4, 38 ~1971!.
12F. Mehran, Phys. Rev. B46, 5640~1992!.
13This follows from a simple crystal-field consideration: the co

stantG in Eq. ~5! appears in the second order of expansion
terms ofd-electron coordinates, while the constant of the orb
rotation couplingGr appears only in the fourth order. As a re
sult, Gr can be estimated asGr /G.^r 4&/^r 2&R2'0.2, where
^•••& means an averaging overd-electron wave functions and
.

v.

.

.

-

R5a/2 is the distance between the Cu and oxygen ions.
14M. K. Crawford, R. L. Harlow, E. M. McCarron, S. W. Tozer, Q

Huang, D. E. Cox, and Q. Zhu, inHigh-Tc Superconductivity:
Ten Years After the Discovery, edited by E. Kaldis, E. Liaroka-
pis, and K. A. Müller ~Kluwer Academic Publishers, Dordrech
1997!, p. 281.

15H. Thomas and K. A. Mu¨ller, Phys. Rev. Lett.21, 1256~1968!.
16S. Chakravarty, B. Halperin, and D. R. Nelson, Phys. Rev. B39,

2344 ~1989!; P. Hasefratz and F. Niedermayer, Phys. Lett.
268, 231 ~1991!; A. V. Chubukov, S. Sachdev, and J. Ye, Phy
Rev. B49, 11 919~1994!; S. I. Belov and B. I. Kochelaev, Solid
State Commun.103, 249 ~1997!; 106, 207 ~1998!.

17A. J. Millis, H. Monien, and D. Pines, Phys. Rev. B42, 167
~1990!.

18F. S. Ham, Phys. Rev.166, 307 ~1968!.
19A. Abragam and B. Bleaney,Electron Paramagnetic Resonanc

of Transition Ions~Clarendon Press, Oxford, 1970!.
20V. Barzykin and D. Pines, Phys. Rev. B52, 13 585~1995!.
21K. A. Müller, Guo-meng Zhao, K. Conder, and H. Keller,

Phys.: Condens. Matter10, L291 ~1998!.
22A. Lanzara, Guo-meng Zhao, N. L. Saini, A. Bianconi, K

Conder, H. Keller, and K. A. Mu¨ller, J. Phys.: Condens. Matte
11, L541 ~1999!.

23D. Zech, H. Keller, K. Conder, E. Kaldis, E. Liarokapis, N. Po
lakis, and K. A. Müller, Nature~London! 371, 681 ~1994!.

24K. A. Müller, J. Supercond.12, 3 ~1999!.
25D. Thelen and D. Pines, Phys. Rev. B49, 3528~1994!.
3-9


