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Temperature evolution of crystal field interactions across the Jahn-Teller transition
in a La7Õ8Sr1Õ8MnO3 single crystal
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We present electron-spin-resonance~ESR!, x-ray-diffraction, and dilatometry studies in a La7/8Sr1/8MnO3

single crystal. ESR experiments were performed in the paramagnetic regime (TC '180 K), from 220 K to 570
K at a microwave frequency of 9.4 GHz. We measured the ESR linewidth as a function of temperature with the
static magnetic fieldH parallel to the crystallographic directions@100# and@001#, referred to as the orthorhom-
bic ~Pbnm! axes. Detailed angular variations at constant temperature forH rotating in the~001!, ~010! and

(1̄10) planes were also performed. The temperature dependence of the linewidth for fixed directions clearly
reflects the changes in the symmetry of the crystal. At the Jahn-Teller~JT! transition, a very noticeable decrease
of the linewidth is observed. The angular dependence of the linewidth reveals an anisotropy that is temperature
dependent. The amplitude of the variations decreases withT and almost disappears aboveTJT'280 K. How-
ever, there is a small remnant anisotropy present up to 400 K. We have carefully investigated the temperature
dependence of this anisotropy across the Jahn-Teller transition. We showed that it is related with the evolution
of the crystal field interactions. The symmetry of the ESR spectra is explained in terms of a spin Hamiltonian
that includes isotropic Heisenberg superexchange, single-ion-crystal field, and Dzyaloshinsky-Moriya antisym-
metric exchange. The experimental angular variation of the ESR linewidth and its temperature dependence
were fitted using the calculated expression for the linewidth as obtained from a perturbative Kubo-Tomita

approach. From the ESR data we have obtained a ratioẼ/D̃520.4(1) for the spin Hamiltonian coefficients

associated with the orthorhombic (Ẽ) and tetragonal (D̃) Jahn-Teller distortions of the MnO6 octahedra. The
temperature dependence of the parameters of the model is presented and the correlation with the dilatometry
results are discussed.

DOI: 10.1103/PhysRevB.68.214429 PACS number~s!: 76.30.2v, 75.10.Dg, 75.47.Lx, 75.47.Gk
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I. INTRODUCTION

In recent years, there have been renewed efforts in
study of mixed-valence manganites. This is due to the co
sal magnetoresistance~CMR! and the interesting correlatio
between structural, magnetic, and transport properties
they exhibit.

In LaMnO3, parent compound of the hole doped CM
La2/3Sr1/3MnO3, all the Mn ions are Mn31 (t2g

3 eg
1). The crys-

talline structure~orthorhombicO8 phase! is strongly dis-
torted due to a cooperative Jahn-Teller~JT! effect, below1

TJT'700 K. AboveTJT the structure evolves to a much le
distorted, alsoPbnmorthorhombic,O phase. The structura
deformations consist of JT distortions and tilting of t
MnO6 octahedra. BelowTJT three different Mn-O distance
have been determined.2 When increasing the temperature t
0163-1829/2003/68~21!/214429~15!/$20.00 68 2144
e
s-

at

wards TJT , these differences diminish and the three d
tances become almost equal in theO phase. At TR
51010 K a second structural transition to a rhombohed
(R3̄c) R phase takes place. The tilting of the octahedra
sults in Mn-O-Mn angles smaller than 180°, typically b
tween 155° and 158° in the orthorhombic phases and'160°
in the rhombohedral phase.2

In La12xSrxMnO3 it has been observed that the magnitu
of the lattice distortion decreases with the Sr content3 and so
does the JT transition temperature4,5 down to '220 K for
x'0.15. These lightly hole doped samples are intermed
between an antiferromagnetic insulator forx50 and a me-
tallic ferromagnet~FM! for x*0.15. In the case ofx51/8
four characteristic temperatures have been associated
structural and magnetic transitions. A FM state is found
low TC5180 K, metallic down to 150 K and insulating be
low this temperature. This change is accompanied by a st
©2003 The American Physical Society29-1
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tural transition to a new orthorhombic phaseO9. Around
TJT5280 K, the Jahn-Teller transition occurs6 from theO8
to theO phase. AboveTR5475 K, theR phase is observed.6

It has been shown7 for polycrystalline LaMnO31d that the
electron-spin-resonance~ESR! linewidth is directly corre-
lated with the magnitude of the JT distortions through
anisotropic crystal field. The Dzyaloshinsky-Moriya~DM!
antisymmetric superexchange interactions, associated
the tilting of the octahedra, also add to the line broaden
Both contributions are exchange narrowed by Heisenb
isotropic interactions. Thus, this experimental technique
useful tool for studying theT evolution of the lattice distor-
tions.

ESR has also been applied4,8,9 to the study of the JT effec
in La12xSrxMnO3 with x<0.20. These studies, in single
crystal materials, revealed a temperature-dependent a
tropic ESR linewidth with characteristic features arou
TJT . Detailed angular dependence at fixed temperatures
been reported8,10 for x51/8 andx50.05.

The Sr concentrationx51/8 is particularly interesting be
cause it allows the study of the different structural phase
accessible temperatures. In this work, we report x-r
diffraction, thermal-expansion, dc-susceptibility, and ES
measurements carried on a La7/8Sr1/8MnO3 single crystal in a
broad temperature range. We analyzed the twin structur
this particular crystal and correlate the dc-susceptibil
dilatometry, and ESR results drawing a complete picture
the temperature evolution of the cooperative JT effect.
explain the ESR linewidth and resonance field anisotro
and its variation with temperature in terms of a Kubo-Tom
perturbational formalism.

II. EXPERIMENTAL

A. Sample preparation and experimental techniques

A 2.631.631.1 mm3 single crystal of La7/8Sr1/8MnO3
was grown by the floating-zone method11 and it was oriented
at room temperature employing the precession camera x
diffraction method. Thermal expansion was measured al
different axes using a three terminal capacitance meth12

from 80 to 330 K. ESR experiments were performed in
ESP-300 Bruker spectrometer at a microwave frequenc
9.4 GHz in the temperature range 220–570 K. Angular va
tions of the spectra were measured in different crysta
graphic planes. dc-susceptibility measurements were
formed in a superconducting quantum interference dev
magnetometer below 300 K and in a Faraday balance m
netometer from 300 to 800 K.

B. Crystal structure and orientation

La7/8Sr1/8MnO3 forms in a rhombohedralR3̄c phase that
is preserved down toTR'475 K. BelowTR , a Pbnmortho-
rhombic structure develops, with room-temperature c
parameters6 a5 5.5448(2) Å b55.5258(2) Å, and c
57.7927(3) Å.

The task of orienting our crystal was achieved by extra
ing information from both dilatometry and precession ca
era x-ray-diffraction experiments. There were three m
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steps in the process, identification of thec axis, identification
of a andb axes, and characterization of twinning, describ
as follows:

~1! The c axis was identified through dilatometry mea
surements between 80 K and 350 K. Neutron-diffracti
studies6,13 had shown that in samples of similar compositi
(La7/8Sr1/8MnO3 and La0.87Sr0.13MnO3), the temperature de
pendence of thec-cell parameter is signaled by an importa
contraction (;1%) between 150 and 200 K whenT de-
creases throughTJT . We measured thermal expansionD l / l
along different directions in the sample~Fig. 1!. It was then
straightforward to identify thec axis as the direction paralle
to the shortest edge of the sample. We confirmed this fac
precession camera x-ray-diffraction experiments.

~2! The a andb axes were identified using the precessi
camera method. We used this method because back refle
Laue patterns were difficult to interpret due to the twin stru
ture of the samples. From the analysis of the precession c
era patterns we determined thata andb axes are parallel to
the larger and medium edges of the crystal but it was
possible to distinguish betweena and b within the experi-
mental resolution.

~3! Characterization of the twin structure: dilatomet
measurements showed the same values forD l / l along the
two directions associated witha and b, and the same oc
curred for the two diagonals in theab plane. However, since
the a and b lattice parameters have differentT dependence
acrossTJT,6,13 the crystal is expected to expand along t
b-axis, remaining almost unchanged along thea axis. The
expansion alongb should be similar in magnitude to th
contraction alongc. In our crystal, the observed expansion
theab plane is isotropic and about 50% of the contraction
the c direction. Therefore, we conclude that twinning
present in this plane with almost equal proportions ofa and
b oriented grains. Thus, the curve shown for theab plane
should be considered as an average of aDa/a and Db/b.
Notice that the contraction along thec axis observed in the
dilatometry experiments is somewhat larger than expected

FIG. 1. Thermal expansion vs temperature~solid lines!. Mea-
surements were made along the edges in theab plane and along the
c axis. The dashed line indicates the dependence of^aav&
5(abc/A2)1/3vs T. All values arerelativeto the value at 100 K~see
text!.
9-2
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TEMPERATURE EVOLUTION OF CRYSTAL FIELD . . . PHYSICAL REVIEW B68, 214429 ~2003!
the basis of neutron-diffraction measurements of thec
parameter.6,13 Thus, if there is twinning in theac and bc
planes it should be small. This twinning structure, with
well determinedc axis, has also been observed in Ref. 14

Our precession camera experiments show also a m
less intense secondary x-ray pattern that we associate
minority orientation domains, whose twinning plane is~112!.
These domains have theirc8 axes oriented along theab di-
agonals of the main structure, anda8 andb8 axes making an
angle of 45° with thec axis. Notice that there are six orien
tations of this kind in the crystal.

C. Dilatometry

We show in Fig. 1 the detailedT dependence of the
thermal-expansion measurements in theab plane and along
the c axis. Here, the relative positions of both curves we
fixed in a way that, at 100 K, their separation equals

@~a1b!/22c/A2#

^aav&
, ~1!

where^aav&5(abc/A2)1/3 is the geometrically averaged la
tice parameter. In the figure, the dashed line indicates
dependence of̂aav& vs T, relative to the value at 100 K. The
circles correspond to neutron-diffraction results.6

In addition to the valuable information regarding the o
entation of the crystal, there are other interesting featu
inferred from the thermal-expansion results, given as
lows.

~i! A very sharp Jahn-Teller transition atTJT
5282 (3) K, with negligible thermal hysteresis, shows
expansion in theab plane and a contraction along thec axis
when increasing temperature. Previous neutron-diffrac
experiments, performed in crushed crystalline ingots6 and in
polycrystalline samples,13 showed broader transitions ce
tered at about the same temperature.

~ii ! The thermal expansion is anomalous well aboveTJT
since the rates of variation are large, as compared with
behavior of other manganites in the paramagnetic regim12

The changes observed atTJT continue smoothly up to at leas
340 K. This suggests that the crystal is still distorted abo
TJT and a progressive relaxation takes place towards a m
cubic structure, which is stable at higher temperatures. T
observation is in agreement with the results of pulsed n
tron diffraction3 that indicate that the microscopic atom
structure in La12xSrxMnO3 deviates significantly from the
average structure, with local JT distortions even in non
phases.

~iii ! Below TJT a slowT evolution of the distortion is also
observed.

~iv! Magnetic order atTC;180 K is signaled by a chang
in the sign of]/]T (D l / l ) and the second structural trans
tion to the FM insulating phaseO9 was observed a
TO92O85147(2) K, this time with a noticeable hysteresis
'3 K.

~v! The crystallographic transition atTO92O8 is accompa-
nied by a large anomaly in̂aav& that signals a discontinuou
volume change.
21442
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D. dc susceptibility

In Fig. 2~a! we show the inverse of the dc susceptibilit
x21(T) vs temperature, which is almost isotropic~variations
are less than 4%!. The Jahn-Teller and the orthorhombic
rhombohedral structural transitions are clearly featured
TJT5280(5) K andTR5480(10) K, respectively. They de
termine three regions: belowTJT , betweenTJT andTR , and
aboveTR . For T@TR , there is a well-defined Curie-Weis
~CW! behavior withC53.15(10) emu K/mole G andQCW

5322(5). Below TR , and especially at the lower temper
tures, a positive curvature ofx21(T) vs T reproduces the
behavior of other CMR manganites,15 which has been asso
ciated with short-range order effects. On the other hand,
two anomalies observed atTR andTJT may be interpreted in
terms of changes ofQCW accompanying the structural tran
sitions. In lightly doped LaMnO31d , which shows strong JT
effects, the regions well below and well aboveTJT were
characterized7 in terms of two different values forQCW and a
common value forC ~and hence the effective magnetic m
ment!. Under the hypothesis thatC remains constant for al
temperatures, the intermediateT region was described7 by a
temperature dependentQCW(T). This variation ofQCW(T)
was assumed7 to reflect the changes in the superexchan
interactions due to the evolution of the lattice distortions.
analogy, we could try here to identify three different C
temperatures, associated with each crystallographic ph
For this purpose, we should first separate the short-ra
order effects that originate deviations~positive curvature!
from a pure CW behavior. We fitted our experimental data

FIG. 2. ~a! Inverse of the susceptibilityx21 vs temperature.~b!
Qcw vs temperature, extrapolated as explained in the text. The t
sition temperaturesTJT andTR are indicated with arrows.
9-3
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an appropriate (La2/3Sr1/3MnO3) normalized susceptibility
curve, assuming that the reference compound describes
equately the short-range order effects,15 at least in a first
approximation. In this way, we derivedQO

CW'296(7) K and
QO8

CW'255(10) K for theO andO8 phases respectively.
We observed that the fitting with a singleQCW for each

phase shows systematic deviations near the crystallogra
transitions. At this point, and following the procedure us
for LaMnO31d , we determined aT-dependentQCW(T)
shown in Fig. 2~b!. At the highest temperatures (R-phase!
QCW(T) remains almost constant. Two well-defined jum
DQO2R

CW '10 K andDQO82O
CW '20 K appear atTR and TJT,

respectively. Note that the CW temperature increases as
structure evolves towards a more cubic state, reflectin
growth of the ferromagnetic interactions, as in the case7 of
LaMnO31d . Above and below the sharp jump atTJT that
signals the suppression of the cooperative JT distortio
QCW(T) varies smoothly with temperature, resembling theT
dependence of the thermal expansion~see Fig. 1!. This simi-
larity indicates that the variations ofQCW(T) are indeed as-
sociated with the evolution of the crystalline parameters.

The effective magnetic momentme f f55.02mB , derived
from the C constant measured at high temperatures~up to
800 K! is another interesting feature of the dc susceptibi
of La7/8Sr1/8MnO3. The positive curvature ofx21(T) at
lower temperatures may be described as an increasing m
netic moment. As in Refs. 16 and 17, dc-susceptibility m
surements up toT'350 K show apparent values ofme f f
'6.5mB . These high values were interpreted by Nogu´s

FIG. 3. Normalized ESR spectra at different temperatures.
static magnetic fieldH is parallel to the@100# direction.
21442
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et al.18 in terms of the existence of magnetic clusters wher
hole is shared by several Mn ions. Our measurements s
that the apparent moment changes in a continuous way as
temperature increases, suggesting that the assumed cl
structure evolves with temperature. At high temperatures
apparent moment decreases down to 5.02mB , which is still
larger than the average expected for an appropriate mix
of Mn31 and Mn41 free ions,me f f

av 54.78mB . A Curie-Weiss
law with a C constant different from the free-ion theoretic
value has been observed in several manganites15,19 where
localized moments strongly interact with itinerant electron
This behavior has been modeled,20 in a mean-field approxi-
mation, for the case of the double-perovskite Sr2FeMoO6,
where well-localized Fe31 ions interact antiferromagneti
cally with delocalized electrons. The resultingC constant is
given byC5C0(11lxe

0)2, whereC0 is the free-ion value,

e

FIG. 4. ~a! Angular variation of the effectiveg factor in the
~010! plane for different temperatures: 220 K~filled squares!, 250 K
~circles!, and 300 K~triangles!. ~b! Experimental effectiveg factor
vs temperature for fixed orientations of the sample:H // @100#
~down triangles!, H // @010# ~up triangles!, H // @110# ~stars!, andH//
@001# ~circles!. The dashed lines are calculatedg-factor values in
the ab plane and along thec axis including demagnetizing field
effects. ~c! Solid lines: calculated g-factor values includingboth
demagnetizing field and crystal field corrections. Symbols a
dashed lines: the same as in~b!.
9-4
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l is the coupling parameter, andxe
0 is a temperature-

independent susceptibility associated with the itinerant e
trons. In the case of electron doped Ca12xYxMnO3, where
l.0 corresponds to a FM coupling, an enhancedC constant
was measured.19 For La7/8Sr1/8MnO3, l is also FM and a
similar mechanism may explain our observation of a lar
magnetic moment. Monte Carlo simulations19 for lightly
electron doped CaMnO3 have shown that at highT the elec-
trons are highly delocalized and asTC is approached begin to
localize forming magnetic polarons. This picture may ap
to our case, describing theT evolution of the apparent mag
netic moment.

E. Electron-spin resonance

ESR studies were carried out in the paramagnetic reg
from 220 K to 580 K, well aboveTC . The ESR spectrum
consists of a single Dysonian line~mix of absorption and
dispersion!. In Fig. 3 we present selected ESR spectra
different temperatures. AboveTJT , the g factor is approxi-
mately isotropic and temperature independent with an a
age valueg51.997(3) after correcting for the dispersio
component. ForT,TJT , the g becomes anisotropic, a
shown in Fig. 4~a! for H in the ~010! plane at different tem-
peratures. The anisotropy decreases with increasing temp
ture, as seen in Fig. 4~b!, where we plot theg factor for the
crystallographic directionsa, b, c, andab diagonal~@110#!.

The peak-to-peak linewidthDHpp is also anisotropic. The
temperature dependence ofDHpp for a fixed orientation of
the sample is shown in Fig. 5 forH // @100# andH // @001#.
When raising the temperature, the Jahn-Teller transition
clearly signaled atTJT'285 K by a decrease ofDHpp(T),
similar to that observed previously1,4 for LaMnO3 and sev-
eral compositions of La12xSrxMnO3. A second step indicate
the structural transition from the orthorhombicO to the
rhombohedralR3̄c phase atTR5480 K, followed by a fur-
ther reduction of the anisotropy aboveTR . The ESR line-
width presents, at all temperatures, an angular depend
similar to that we previously reported8,9 for T5220 K. The

FIG. 5. DHppvs temperature for fixed orientations of th
sample:H // @100# ~open circles! and H // @001# ~filled squares!.
Inset: idem forDHpp

(`) . The TJT ~282 K! and TR transitions are
indicated with arrows.
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ESR linewidth is maximum forH // @100# and minimum
along the@001# direction with a 180° periodicity in the~010!
and~100! planes. In the diagonal planes~110! and (1̄10) the
periodicity is also 180°. Instead, 90° symmetry was o
served forH in the ~001! plane. In Figs. 6 and 7, the angula
variations for different temperatures up to 350 K in the (00
and (010) planes are shown. The anisotropy decreases

FIG. 6. Angular variation ofDHpp in the ~001! plane for differ-
ent temperatures: 220 K~squares!, 230 K ~open triangles!, 240
~filled diamonds!, 250 K ~empty circles!, 270 K ~open diamonds!,
280 K ~filled triangles!, and 290 K~filled circles!.

FIG. 7. Angular variation ofDHpp in the ~010! plane for differ-
ent temperatures.~a! 220 K ~squares!, 230 K ~open triangles!, 240
~filled diamonds!, 250 K ~open circles!, and 270 K~filled triangles!.
~b! 290 K ~circles!, 310 K ~squares!, 330 K ~diamonds!, and 340 K
~triangles!.
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G. ALEJANDROet al. PHYSICAL REVIEW B 68, 214429 ~2003!
increasing temperature and becomes very small aboveTJT .
However, it does not disappear completely and present
appreciable value ('50 G) up to about 450 K. AboveTR the
linewidth becomes isotropic.

The temperature dependence ofDHpp(T) is determined,
to a large extent, by the variations ofx(T) and is given by15

DHpp~T!5@C/Tx~T!#DHpp~`!, ~2!

whereDHpp (`) is identified with the linewidth extrapolate
to high temperatures. Although this parameter is usually
pected to be temperature independent,DHpp (`) does de-
pend on the structural properties of the system~e.g., crystal
structure, local distortions, ionic distances, etc.!, which may
change with temperature.16 From the experimentalDHpp(T)
and the measuredx(T) we obtainedDHpp(`) at each tem-
perature and for different orientations ofH, using Eq.~2!.
The results are shown in the inset of Fig. 5. This proced
separates the effects of the thermodynamic factorC /Tx(T),
responsible for the average increase ofDHpp(T) in the para-
magnetic region, from the variations of the intrinsic para
eterDHpp(`). It is interesting to note the important decrea
of DHpp(`) as the symmetry of the lattice increases w
temperature, with the crystallographic transitions featured
two steps atTJT andTR ~see the arrows in the inset of Fig
5!. As discussed in the following section,DHpp(`) involves
the microscopic parameters associated with the spin Ha
tonian of the system.

The angular dependence of the measuredDHpp(T) is
mainly related toDHpp(`) since the dc-susceptibility aniso
ropy is very small~negligible in theab plane and less than
4% out of this plane!. The experimental data were fitted fo
each temperature to the following expression, appropria
for the observed tetragonal symmetry:

DHpp~`!}a~T!1b~T!~3cos2u21!1g~T!~35cos4u

230cos2u13)1d~T!sin4ucos 4w. ~3!

The anglesu andw give the orientation of the magnetic fiel
H with reference to the crystal axes (w50 for H // @110#!.
The first fitting showed that in the whole temperature ran
g(T),1G , thus we setg50 within our experimental
resolution. From the amplitude of the angular variation
the ~001! plane (u5p/2) we were able to determined(T).
The remaining parametersa(T) and b(T) were adjusted
by fitting the data in the~010! and (1̄10) planes, using the
value of d(T) previously determined. This procedure w
repeated between 220 K and 450 K and the results are sh
in Fig. 8.

III. ESR PARAMETERS AND SPIN HAMILTONIAN

An approach to the description of the angular variation
the ESR spectrum can be based on Kubo and Tom
scheme21,22 to model the response of a magnetic system
der the excitation produced by a linearly polarized mic
wave field of frequencyv. The imaginary part of the dy
namical susceptibilityx9(v,H) per unit of volume forkBT
@\v is given by23,24
21442
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x9~v,B!5
vV

2kBTE2`

`

^Mh1
~ t,H !Mh1

&exp~2 ivt !dt, ~4!

whereHÄHĥ is the external magnetic field alongẑ andĥ1 is
the polarization direction of the microwave field.Mh1

is the

component of the magnetization operator alongĥ1 and

Mh1
~ t,H !5exp@ i /\H~H ! t#Mh1

exp@2 i /\M ~H !t#, ~5!

with H(H) being the Hamiltonian of the system and^A&
[Tr$rA%, wherer is the density matrix operator.

The complete Hamiltonian for the system reads

H5HZ1Hexch1HCF1HDM , ~6!

whereHZ , Hexch, HCF , and HDM represent the Zeeman
the Heisenberg exchange, the single-site crystal field~CF!,
and the Dzyaloshinsky-Moriya interactions, respective
Taking into account that the system includesk nonequivalent
magnetic ions per unit cell (k54 in the O and O8 phases,
andk52 in theR phase!, these contributions can be writte
as

FIG. 8. ESR linewidth parametersa, b, andd vs temperature:
~i! from the fitting of ESR data~open symbols! and~ii ! as calculated
~see text! from the model and the thermal expansion results~filled
squares!. The lines are guides to the eye.
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HZ5mBH(
i 50

N

(
p51

k

S¢~ ip !g~p!ĥ, ~7a!

Hexch51/2 (
i , j 50

N

(
p,q51

k

J~ ip, jq !@S¢~ ip !•S¢~ jq !#, ~7b!

HCF5(
i 50

N

(
p51

k

S¢~ ip !D~p!S¢~ ip !, ~7c!

HDM51/2 (
i , j 50

N

(
p,q51

k

d~ ip, jq !•@S¢~ ip !3S¢~ jq !#. ~7d!

The sum overp ~or q) runs over the different magnetic io
sites (1-k) in the unit cell, whilei ~or j ) sums over theN unit
cells of the crystal. One might also add dipole-dipole int
action terms, but an order of magnitude estimation indica
that these are less important. Since the operators involve
Eqs.~7a!–~7d! are mutually noncommuting, the computatio
of Eqs. ~4! and ~5! requires a perturbational approach. A
cording to Eq.~7a!, if all the magnetic ions in the unit cel
were magnetically nonequivalent, one would expect a se
four lines for a general orientation of the crystal with refe
ence to the external field direction. However, the obser
spectrum exhibits, forT.200 K, only one line for any ori-
entation of the crystal. This is an indication that the excha
narrowing process is under operation leading to a collap
spectra. Thus, the isotropic exchange (uJu/kB.25 K) will be
assumed to be the strongest interaction. On the other h
one may observe thatHZ can be written as

HZ5mBH S¢gav ĥ1HZres,

with

gav5
1

k (
p51

k

g~p!

and S¢ being the total spin operator. The residual Zeem
interaction HZres sometimes becomes a source of fie
dependent perturbation, particularly for moderate aniso
pies of theg(p) tensors and small exchange interactions25

However, in our case for experiments performed atX band,
these contributions can be ignored. Furthermore, the s
anisotropy observed forgav allows one to replacegav.g 1.
Therefore, the unperturbed Hamiltonian will be

H0.mBgHSz1Hexch, ~8!

where the quantization axisẑ is alongĥ, and the excitation
field ĥ1 is alongx̂. The perturbing Hamiltonian is then

H 85HCF1HDM . ~9!

The density matrix may be approximated byr.1/Tr$1%
3@121/kTHexch2(\vo /kT)Sz# although in this section it
will be taken in the high-temperature approximation:r
.1/Tr$1%, widely justified in the paramagnetic regim
21442
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Thus, the calculated linewidth corresponds effectively
DHpp(`) in Eq. ~2!, though we will not use the symbol (`)
in the following subsection.

With these prescriptions we followed standard approxim
tion procedures as summarized in Appendix A. In this a
proximation for the density matrix, the ESR line is center
at HR5\vo /gmB . Higher-order contributions will be dis
cussed in following sections.

Up to second order inH 8 we found that both the CF an
DM interactions contribute separately to the resonance fi
and linewidth.

A. Linewidth

The angular dependence of the linewidth is given by

DH~u,w!5DHCF~u,w!1DHDM~u,w!.

DHCF(u,w) is built up from three terms

DHCF~u,w!5DHsec
CF~u,w!1DHns(1)

CF ~u,w!1DHns(2)
CF ~u,w!,

~10!

where sec stands for secular, and ns~1! and ns~2! for non-
secular contributions that correspond to terms involving f
tors such as exp(6ivot) and exp(i2vot), respectively. Ex-
plicit expressions for the terms in Eq.~10! are

DHsec
CF~u,w!5~ f 0 /vexch! (

p51

k

@3Dzz~p!2Tr D~p!#2,

~11a!

DHns(1)
CF ~u,w!5~ f 1 /vexch! (

p51

k

@„D2~p!…zz2„Dzz~p!…2#,

~11b!

DHns(2)
CF ~u,w!5~ f 2 /vexch! (

p51

k

$2@Dzz~p!#224@D2~p!#zz

12Tr„D2~p!…2@Dzz~p!2Tr D~p!#2%,

~11c!

with Dzz referred to the system withẑ // H, and vexch

5AzJ2̄/\2 being an average of the superexchange inter
tions J, taken over thez first nearest neighbors of the mag
netic ion. In arriving to Eqs.~11a!–~11c! we have taken into
consideration the periodic properties of the crystal lattice.
have assumed that the spin self-correlation functions ha
fast decay with Gaussian shape. If, additionally, they
identical, the weight factorsf 0 , f 1, and f 2 are

f 05 f 25
1

10gmB\
A2p

3
@S~S11!23/4#, ~12a!

f 15
5

10gmB\
A2p

3
@S~S11!23/4#. ~12b!

Similarly ~see Appendix A!, the DM contribution has the
form
9-7
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DHDM~u,w!5
f DM

vexch
(

aÞb
(

j 50,N
@d~0a, j b!• ẑ#2 ~13!

with

f DM5
1

gmB\
A p

108
@S~S11!~2S11!2#.

B. The line position

By takingr.1/Tr$1% in the preceding section, bothHexch
and the Zeeman interaction were absent from the den
matrix. Returning now to the first-order contribution as giv
by Eq. ~A4! in Appendix A, and including only the Zeema
term in the density matrix as

r→r8.rS 12
\vo

kT
SzD .

Then, in Eq.~A4!, the linear terms inH̃8 lead to

du~ t !.2u
vo

2kBTE0

t

dt
1

^Sz
2&

3TrH rH̃8~t!S Sz
22

1

2
~SuS2u2Su

2! D J .

Note that, asHexch commutes with all the components of th
total spin operator, it follows

@Hexch, ~Sz
22 1

2 ~S7S62S7S7!!#50.

If we takeH 8[HCF we obtain an angular dependent po
tion of the ESR line atHR5\vo

e f f(u,w)/gmB , where~see
Appendix A!

2uvot1du~ t !52uvo
e f f~u,w!t.

This result may be expressed in terms of an effectiveg value,
ge f f(u,w,T), given by

ge f f~u,w,T!5gH 12~1/20kBT!@S~S11!23/4#

3 (
p51

k

@3Dzz~p!2Tr D~p!#J . ~14!

Thus, the overall angular variation of the exchange c
lapsed line position results from a superposition of the in
vidual k-site angular variation contributions. The DM term
H 8 does not contribute to the line shift.

C. Crystal field detailed calculation

For thePbnmphase, the components ofD(p) in Eq. ~7c!,
referred to the crystalline axes, are related by symme
properties
21442
ity

l-
i-

ry

p (jj) (hh) (§§) (jh) (j§) (h§)

1 2D 2E2 E1
1
2 G 1

2 F1
1
2 F2

2 2E2 2D E1
1
2 G 1

2 F2
1
2 F1

3 2E2 2D E1
1
2 G 2

1
2 F2 2

1
2 F1

4 2D 2E2 E1
1
2 G 2

1
2 F1 2

1
2 F2

~15!
We have chosen§ along thec axis, and thejh plane

coincident with theab plane, withj in the direction of the
Mn-O bond.

By applying the rules of transformation of spin operato
we obtain the following CF contribution to the coefficients
Eq. ~3!:

aCF5
f 0

vexch
asec

CF1
f 1

vexch
ans(1)

CF 1
f 2

vexch
ans(2)

CF ~16!

and similar formulas forbCF, gCF, anddCF. These coeffi-
cients can be written in terms of the crystal field Hamiltoni
parameters, i.e,

asec
CF5 252

35 A21 84
35 ~B21G21F2!, ~17a!

bsec
CF5 36

7 A22 12
7 ~G21B2!1 6

7 F2, ~17b!

gsec
CF5 81

35 A21 9
70 ~G21B2!2 18

35 F2, ~17c!

dsec
CF5 9

2 ~B22G2!, ~17d!

where A51/3(D12E11E2), B5E22D, and F25F1
2

1F2
2. Similar expressions arise for the nonsecular contri

tions ~see Appendix B!.
We note that extra terms are also present, arising bec

of the orthorhombic symmetry of the crystal structure:

«sec
CF~u,w!5218@cos4u~2F1F213AG!

2cos2u~4AG12F1F2!1AG#sin 2w ~18!

and their corresponding nonsecular terms.
The result obtained corresponds to a perfect single crys

The final expression appropriate to our twinned crys
should take into account all the possible orientations. In w
follows we assumed that the contributions to the linewid
originating in different orientation domains of the sample c
be arithmetically averaged. This is a good approximat
when the linewidths are similar and the resonance fields
fer by much less than the linewidth. When we take into a
count the six possible orientations, we have to replace
Eqs.~17a!–~17d!, and~18!

aCF→aCF, ~19!

bCF→bCF~123mt!, ~20!

gCF→S 12
5

4
mtDgCF1

1

4
dCFmt , ~21!

dCF→ 35

4
mtg

CF1S 12
7

4
mtD dCF, ~22!
9-8
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«CF→0. ~23!

These expressions have been derived under the ass
tion that the four minority orientations~two differentc axes
with two associated 90° rotated domains! are present in the
same proportion, mt . The two main orientations have
weight factorMt , such thatMt12mt51. Notice that the
«CF(u,w) term cancels out, independent of the value ofmt ,
and the full spectrum has then tetragonal symmetry.

For the R3̄c phase, the local symmetry for Mn ions
Oh , and the second-order crystal field coefficients vanish

D. Dzyaloshinsky-Moriya detailed calculation

Computing only first neighbor interactions in Eq.~13! we
observe that the terms of the typef (cos 2w, sin 2w) cancel
out when twinning is considered, as in the case of cry
field contributions. We obtain then

aDM5S 4

3kD f DM

vexch
(
p51

k

(
r 51

6

ud(r )u25
8 f DM

vexch
^udu2&, ~24!

bDM5S 2

3kD f DM

vexch
(
p51

k

(
r 51

6

@3~d§
(p,r )!22ud(r )u2#

5
4 f DM

vexch
@3^d§

2&2^udu2&#, ~25!

gDM5dDM50, ~26!

where thep sums run over the different lattice Mn sites a
the r sums over the corresponding six nearest neighb
~nn!; the bracketŝ & indicate average values over nn. Ind
pendent of the symmetry,gDM5dDM50 results from the
mathematical form of Eq.~13!. For the DM interaction we
observe also that there are no nonsecular contributions to
linewidth.

For the rhombohedralR3̄c phase we have calculated th
components ofd(p,r ) allowed by the symmetry. We consid
ered the two Mn sites located atP5(0,0,0) and P8

5(0,0,1/2), referred to the hexagonal axesaW H5a0( x̂2 ẑ),
bW H5a0(2 x̂1 ŷ), and cWH52a0( x̂1 ŷ1 ẑ), where a0 is the
cubic perovskite parameter. For theP first neighborsX, Y,
and Z located ata0ĵ, a0ĥ, and a0§̂, respectively, we ob-
tained

dW PX5~dj ,dh ,d§!5dW P(2X) , ~27a!

dW PY5~d§ ,dj ,dh!5dW P(2Y) , ~27b!

dW PZ5~dh ,d§ ,dj!5dW P(2Z) , ~27c!

where2X, 2Y, and2Z indicate the opposite sites. For th
correspondingP8 neighborsdW P8X5(2dj ,2d§ ,2dh) and
the other parameters are obtained by cyclic permutation
for the P site. Thus, for a perfect single crystal in the rhom
bohedral phase,
21442
p-
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DHDM~u,w!58
f DM

vexch
~dj

21dh
21d§

2!

14
f DM

vexch
~djdh1dhd§1djd§!

3@sin2usin 2w1sin 2u~sinw1cosw!#.

~28!

If we now take into account the four possible orientations
ĉH in the twinned crystal, all the angular dependences in
~28! vanish and the DM linewidth becomes isotropic.

For the orthorhombicO and O8 phases, using the rela
tions between components of thed coefficients given by So-
lovyev et al.26 for the Pbnm symmetry, and taking into ac
count the twinned structure, we derive

aDM5
f DM

3vexch
@16~d§

ab!2116~dj
c!2116~dh

c !2

18~dj
c!218~dh

c !2#, ~29a!

bDM5
f DM

3vexch
~123mt!

21@16~d§
ab!2

28~dj
ab!228~dh

ab!224~dj
c!224~dh

c !2#, ~29b!

where the suffixesab and c refer to components of a DM
vector connecting the central ion with in-plane~ab! and
c-axis nearest neighbors, respectively.

IV. DISCUSSION

In this section we will discuss first the behavior of th
parametersa(T), b(T), and d(T) that describe the mea
sured linewidth, considering the different contributions an
lyzed in the preceeding section.

Above TR we observed an isotropic and temperatu
independent linewidth~see Fig. 5!, characterized by a con
stant a. Note that in this rhombohedral phasebDM is ex-
pected to identically vanish, in agreement with o
experimental data. On the other hand, no crystal field con
butions are expected because the cubic local symmetry
not allow second order terms of the type included in Eq.~7c!.
Thus, only the DM interaction contributes to the linewidt
anda(T.TR)5aDM

(R) 52600(30)G. From Eq.~24!, and us-
ing 2830G for f DM /vexch, we derived an average valu
^udu2&R

1/2/kB50.34(1) K.
For the orthorhombic phasesO and O8, both the crystal

field and the DM interactions add to the linewidth due to t
reduction of the local symmetry of the resonant ions. In
O phase, the distortions of the octahedra are significa
smaller than in theO8 phase, especially, as we will discus
later, well above the transition temperature,TJT . Thus, we
may assume, in a first approximation, that close toTR the
main contribution to the linewidth has a DM origin, as in th
case of theR phase. Then,

a~T&TR!'aDM
(O) '2750~50!G, ~30!
9-9
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b~T&TR!.~123mt!bDM
(O) '215~5!G. ~31!

From Eqs. ~29a! and ~29b! we obtain ^udu2&O
1/2/kB

50.35(1) K, and ^ud§
abu&O /kB>0.24(1) K using

\vexch/kB561 K.
The DM interaction appears because of the tilting of

MnO6 octahedra, and neutron-diffraction experiments2,5,13

have shown that the Mn-O-Mn angles remain essenti
constant with temperature. Thus, it is not surprising that o
a small change is observed acrossTR . Following this argu-
ment, we may expect thataDM andbDM are almost tempera
ture independent in both phasesO and O8. The values of
aDM

(O) andbDM
(O) were then subtracted from the measureda(T)

andb(T) in order to separate the crystal field contribution
aCF ~T! andbCF(T).

We observe that the measured parametersa(T), b(T),
and d(T) shown in Fig. 8 signal the Jahn-Teller transitio
with noticeable steps atTJT and approach asymptotic value
well above this temperature. In order to correlate the
servedT dependence of the ESR parameter anisotropy w
the evolution of the distortions of the MnO6 octahedron, it is
convenient to refer the system to a ‘‘local’’ coordinates fram
defined by its principal axes. Neutron-diffraction results2,13

indicate that the MnO6 octahedra present tetragonal (Q3g,u)
and orthorhombic (Q3g,v) distortions from the cubic symme
try, preserving approximately the right angles. The local
Hamiltonian is then

H local
CF 5D̃Sx̃

2
1Ẽ~Sỹ

2
2Sz̃

2
!, ~32!

wherex̃ and ỹ are the Mn-O directions in the basal plane
the octahedron. Equation~32! corresponds to one Mn site i
the unit cell and similar expressions could be readily
duced for the other three sites by applying the symme
operations of thePbnmgroup. The parametersD̃ and Ẽ are
related to the coefficients in Eqs.~7a!–~7d! as shown in Ap-
pendix B.

We have analyzed first the results atT5280 K. This tem-
perature is appropriate for the first determination ofD̃ andẼ,
because the system is already in the JT distortedO8 phase
and far enough fromTC , where other mechanisms may a
fect the linewidth. In the fitting we left as adjustable para
eters, besidesD̃ and Ẽ, the twinning fractionmt and the
weight factorsf 1 and f 2 @leaving f 0 as given by Eq.~12a!#.
We found the best fit with a ratiof 0 : f 1 : f 2 equal to 1:10:0.3
instead of the ratio 1:5:1 predicted by Eqs.~12a! and ~12b!
that rests heavily on the hypothesis that all the spin corr
tion functions are equal. This assumption, although con
erably simplifies the calculations, is not necessarily fulfill
in the real spin system. A different ratio between thef i does
not violate the strongest hypotheses of the theory. The tw
ning fraction mt is also a relevant quantity of the fitting
From the x-ray precession camera photographs we were
to estimate thatmt<0.15. So we continuously varied th
parameter between 0 and 0.15 in order to improve the fitt
The best result was obtained withmt50.11. With this con-
straint, we foundD̃/kB50.69(4) K and Ẽ/D̃520.4(1).
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Deisenhoferet al.10 found also thatD̃ and Ẽ have opposite

sign (Ẽ/D̃'20.9) for LaMnO3 doped with 5% Sr.

The coefficientsD̃ andẼ in Eq. ~32! are directly propor-
tional to the magnitude of the distortion modes of the Mn6

octahedra, Q3g,u521/A3(2l 2m2s) and Q3g,v5s2m.
Here we have associated the tetragonal axis with the lon

Mn-O distancel along thex̃ direction for the Mn ion at the

~0,0,0! site. Theỹ andz̃ axes were taken parallel to the sho
~s! and medium~m! distances, respectively. The crystal fie

coefficients are symmetry related27 and Ẽ/D̃52Q3g,v /
(A3Q3g,u)5(s2m)/(2l 2m2s).

Neutron-diffraction data5 at 200 K gave
2(Q3g,v /Q3g,u)/A3520.26. Results for otherx values in
La12xSrxMnO3 samples (x50.05, 0.075, and 0.10! indicate
that this ratio is only weakly dependent on temperature
Sr concentration, with an average of2(Q3g,v /Q3g,u)/A3
520.26(6). These values imply a ratioẼ/D̃ that is coinci-
dent in sign with our experimental results for the ESR lin
width and close in magnitude. The absolute values of
coefficients are in reasonable agreement.

In order to check the validity of our explanation, we ha
reproduced the temperature variation ofa(T),b(T) and
d(T), assuming thatQ3g,u ,Q3g,v , and consequentlyD̃(T)
and Ẽ(T) are proportional to the orthorhombic distortion
the lattice, s(T)5( i 51

3 uai2^ai&u/3^ai&, with ai5a, b, c,
and^ai& as defined in Sec. II C. Using the neutron-diffractio
data5,6 we have found that these relations are correct wit
an uncertainty of about 35%. Thus, the crystal field con
butions toDHpp(`) result proportional tos2(T). The empty
squares~and the lines connecting them! in Fig. 8 correspond
to the normalized curves~to 280 K! calculated using values
of s(T) derived from our dilatometry measurements of F
1, and taking the ratioẼ(T)/D̃(T) as constant. Sincea,b
>^ai& andc/A2<^ai&, s(T)5@2(D l / l )ab2(D l / l )c#/3. The
calculated curves follow closely the behavior ofa,b, andd
obtained from the ESR experiments.

All the parameters present a step atTJT , followed by a
slow decay above the transition. It is interesting to note t
the experimentalb(T) shows, aboveTJT , a variation even
slower than that expected from the thermal expansion. T
observation suggests that the local distortions persist u
higher temperatures than the macroscopic ones do.

Below '250 K, DHpp(`) increases rapidly with de
creasing temperature as shown in the inset of Fig. 5. Bes
crystal field effects, short-range FM ordering could contr
ute to the broadening of the linewidth in this temperatu
region. Finite-temperature corrections to the calculations
the previous sections are then needed to explain this br
ening. The first correction terms~including only statistical
effects! exhibit the same angular dependence ofDHpp(`)
and are proportional to2J/kBT. Therefore, the linewidth
will either increase or decrease depending on the sign of
dominantJ. In our case the increase observed is compat
with FM interactions@minus sign in Eq.~7b!#.

As TC is approached, the effectiveg factor, ge f f
5hn/mBHR , deviates anisotropically from its high
9-10
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temperature valueg051.997(3) andDg(u,w)[ge f f(u,w)
2g0' f (u,w)(T2TC)21, with TC;180 K.

In order to analyze this behavior we should, first of a
consider the demagnetizing fields which become impor
in this temperature region. The effects of these fields w
also observed in the dc-magnetization measurements, w
the shape of the sample provides an extra source of an
ropy. The data taken~under an applied field of 1.5 kgaus!
are compatible with the behavior expected for an oblate
lipsoid with a eccentricity of«50.5, which is an adequat
approximation for the average dimensions of our sam
Using the corresponding demagnetizing fields~proportional
to the measured magnetization! we have calculated theg
shifts shown as dashed lines in Fig. 4~b! for H//c and
H//@110# (ab diagonal!. For these orientations most of th
experimentalg shift is accounted for in this way.

However, whenH is rotated in theab plane, a significant
splitting of the line is observed forH parallel to the edges o
the sample. As already stated in Sec. II B, these orientat
correspond to thea ~or b) axes of each of the orientatio
domains. This splitting cannot be interpreted as a demag
tizing effect, and thus we ascribe this observation to E
lines corresponding to different parts of the crystal with
ther thea or theb axis pointing alongH.

Coming back to Eq.~14! we observe that theg factor is
also affected by the finite-temperature corrections. We
expressDg/g as

Dg~u,w,T!/g5FS~S11!23/4

5kB~T2TC! G
3F2

1

2
~D̃13Ẽ!S 12

3

2
sin2l D ~3 cos2u21!

1
3

2
~D̃2Ẽ!~sin 2h cosl!sin2u sin 2wG ,

~33!

wherel is the tilting angle of the MnO6 octahedra measure
from thec axis andh its rotation in theab plane. Based on
experimental data available from compounds of sim
composition,2,13 we have takenl512° andh533° in our
calculations. Note that the DM interaction does not contr
ute to theg shift, in this order of perturbation. Here, th
factor (kBT)21 may be replaced28 by (T2TC)21 since it
arises from the mean value ofSz , which is proportional to
x(T).

In Eq. ~33! the measured ratioẼ/D̃ almost cancel the
factor (D̃13Ẽ) and this explains the negligible effect fo
H//c or H//ab diagonal (w50). Instead, forw545° (H//a)
or w5245° (H//b), the crystal field contribution toDg/g is
maximum, as shown with the continuous lines in Fig. 4~c!. In
this figure, a temperature dependence forD̃(T) and Ẽ(T)
was assumed proportional to the orthorhombic distortion
discussed previously. Note that the calculatedg factors fol-
low qualitatively the experimental behavior. A better quan
tative agreement with the experimental data is obtained if
absolute values of bothD̃ andẼ are increased by a factor o
21442
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about 2@shown as continuous lines in Fig. 4~c!#. This fact is
compatible with out previous calculations since, as there
an arbitrary scaling factor forf 0 , f 1, and f 2 in Eqs. ~12a!
and~12b!, this choice would imply only a renormalization o
these coefficients. Although forH away froma ~or b), the
splitting becomes smaller than the linewidth; numeric
simulations of the superimposed spectra allowed us to c
firm the sin (2w) angular dependence in theab plane.

V. CONCLUDING REMARKS

We have performed a systematic study of the thermal
pansion, dc-susceptibility, and ESR spectra of
La7/8Sr1/8MnO3 single crystal in the paramagnetic regio
across theO8-O-R structural phases. The successful orien
tion and characterization of the twinning in our sample w
crucial to interpret the ESR results. As revealed by
dilatometry measurements, the transition from theO8 phase
with cooperative Jahn-Teller distortions to theO phase, at
TJT5282(3) K, is very sharp and with very small hyste
esis. AboveTJT , the local distortions persist and avera
gradually to zero, giving rise to anomalously large therm
expansion coefficients. The transition from theO phase to
the high-temperatureR3̄c phase atTR'480 K was observed
in both ESR and susceptibility experiments. We have sho
that the Curie-Weiss temperatureQCW(T) presents a behav
ior that reflects the structural changes of the system.

The angular and temperature variations of theg factor and
the linewidth were analyzed using a perturbational Kub
Tomita approach. In our scheme the ideally narrow ESR l
is broadened by the crystal field interactions and the D
antisymmetric exchange. With this model, and taking in
account the twinning state of the sample, we were able
nicely reproduce the angular variations observed. The t
perature dependence of the anisotropy was analyzed in
tion to the structural distortions.
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APPENDIX A: THE KUBO-TOMITA APPROACH

From Eq.~4! and takingMx>2mBgSx/V with x[̂ ĥ1 , it
follows from Eq.~8! that

@Mh1
,Hexch#.@S¢ ,Hexch#50. ~A1!

Recalling that

exp~2 ivo Szt !S6exp~ ivoSzt !5S6exp~7 ivot !,
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wherevo[gmBH/\, one can write in the high-temperatu
approximation

^Mh1
~ t,H !Mh1

&T→`5
1

2V2
g2mB

2 (
u561

^S̃x~ t,H !Su&T→`

3exp~2 iuvot !

and

S̃x~ t,H ![exp~2 i /\H0t !Sx~ t,H !exp~ i /\H0t !.

The equation of motion forS̃x(t,H),

] tS̃x~ t,H !5 i /\@H̃8~ t,H !,S̃x~ t,H !#

can be formally solved by successive iterations in terms
increasing orders ofH̃8(t,H), although this is usually done
only up to second order. Given the form of the operat
composingH 8, it is simple to show that the first-order term
vanishes identically because it implies the averaging of
odd number of spin operator components. The second-o
contributions have terms22,29either independent~secular con-
tributions! or dependent on the frequencyvo . If only secular
terms are retained one gets

^S̃x~ t,H !Sm&T→`

5^Sz
2&T→` (

u561
H 11 i /\E

0

t 1

2^Sz
2&T→`

3^@H̃8~t!,S2u#Su&T→`dt2
1

2\2^Sz
2&T→`

3E
0

t

~ t2t!^@Su ,H̃8~t,H !#@H 8,S2u#&T→`dtJ .

~A2!

This expression is usually assumed to correspond to the
tial terms in the expansion of an exponential function, su
that Eq.~4! can be put into the form

x9~v,H !uT→`.
v

4kBT
g2mB

2F ^Sx
2&`

VN G
3 (

u561
E

2`

`

dtFu~ t,H !

3exp@2 i ~v1uvo!t1 idu~ t !#, ~A3!

whereV is the volume of the unit cell (V5VN) and

du~ t !5
1

\E0

t 1

2^Sz
2&

^@H̃8~t!,S2u#Su&dt, ~A4!

while the relaxation functionFm is given by
21442
f

s

n
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i-
h

Fu~ t,H !.expH 2
1

2\2^Sz
2&T→`

E
0

t

~ t2t!^@Su ,H̃8~t,H !#

3@H 8,S2u#&T→`dtJ . ~A5!

After adopting approximately r.(1/Tr$1%)$1
2(1/kT)Hexch2(\vo /kT)Sz%, the first-order terms

^@H̃8(t),S2u#Su&T→` in Eq. ~A4! require the calculation of

Tr$r„H̃8~t!SxS12H̃8~t!S1Sx…%5Tr$r„H̃8~t!@Sx ,S1#…%

522Tr$rH 8Sz%,

which vanishes as it involve traces taken over an odd num
of spin operators, whetherH 8 refers toHCF or to HDM .
When finite-temperature corrections are included, one m
expect contributions that shift the line position fromvo ~see
text!.

With regard toFu(t,H), we consider now the case o
H8[HCF . Following standard procedures21,22,30for the cal-
culation of the commutators involved, retaining terms ind
pendent ofvo ~secular contributions!, and keeping only the
contributions due to self-correlation functions, we obtaine

^@Su ,H̃8~t,H !#@H 8,S2u#&`

^Sx
2&`

U
sec

'\2D~t!usecvCF
2 ~0,u,w!

~A6!

with

vCF
2 ~0,u,w![F (

p51

4 S 1

2\2D $3Dzz~p!2Tr@D~p!#%2G .

Here, the argument 0 implies secular contributions aga
those nonsecularvCF

2 (6vo ,u,w) or vCF
2 (2vo ,u,w). In Eq.

~A6! D(t)usec can be written as a combination of differe
spin-correlation functions such as

1

2^Sx
2~0p!&`

^@Sz~0p!S1~0p!# (t)
exchSz~0p!S2~0p!&` ,

where we have already taken into consideration the perio
properties of the crystal lattice and also that all se
correlation functions should be identical for any of the sp
cies ~1–4! of the magnetically nonequivalent ions. Then

x9~v,B!uT→`.
v

4kBT
g2mB

2F ^Sx
2&`

VN G
3E

2`

`

$FCF~0,t,u,w!exp@2 i ~v1vo!t#

1FCF~0,t,u,w!exp@2 i ~v2vo!t#%dt,

~A7!

where
9-12
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FCF~0,t,u,w!

5expH 2vCF
2 ~0,u,w!S E

0

utu
~ utu2t!D~t!usecdt D J .

If all D(t) functions are fast decaying functions oft, the
upper limit of the integral can safely be extended to`. Un-
der this assumption, one can see that the first contributio
FCF(0,t,u,w) is linear inutu while the second only produce
an irrelevant correction to the amplitude of the signal. Co
sequently, in the high-temperature limit one arrives to

x9~v,B!uT→`

.
v

4kBT
g2mB

2F ^Sx
2&`

VN G
3expS 2E

0

`

tD~t!dt D E
2`

`

$exp@2 i ~v1vo!t

2GCF~u,w!usecutu#1exp„@2 i ~v2vo!t

2GCF~u,w!usecutu#…%dt,

which after performing the Fourier’s transform will lead to
Lorentzian lineshape. Also

GCF~u,w!usec'vCF
2 ~0,u,w!S E

0

`

D~t!usecdt D . ~A8!

Thus, GCF(u,w)usec is built from two factors: an angula
varying functionvCF

2 (0,u,w) which depends on the crysta
field tensors at each site projected along the direction of
magnetic field times a term that corresponds to an inte
over spin self-correlation functions. If these are taken
Gaussian form, which is usually assumed to be a reason
approximation for rapidly decaying functions, as expec
for the spin correlations in systems forming thre
dimensional magnetic networks,30 one gets

S E
0

`

D~t!usecdt D}E
0

`

expS 2
vexch

2 t2

2 Ddt5
1

vexch
Ap

2
.

We assumed thatvexch arises from a combination of th
exchange parametersJ2(0a, j b) as

vexch5F (
p,q; i 50

N
J2~0p,iq !

\2 G 1/2

'Az
J̄2

\2
, ~A9!

with z being the number of first neighbors andJ̄2 an average
value of the exchange coefficients of Eq.~7b!. Therefore,
GCF(u,w)usec can be written as

GCF~u,w!usec}
vz f

2 ~0,u,w!

vexch

showing how the exchange interaction produces narrow
effects on the linewidth. A similar calculation along the sam
lines can be done to obtain the nonsecular CF contribut
21442
to

-

e
al
f

ble
d
-

g
e
s

to the linewidth. In these cases, as we assumevexch@vo ,
the following replacement has been used in all of these c
tributions to the linewidth:

E
0

t

~ t2t!expS 2
vexch

2

2
t2D cos~pvot!dt

>utu
A2

vexch
E

0

`

exp~2x2!dx.

Concerned with the DM interaction, one similarly obtai

Tr~@S2 ,H̃DM~t!#@HDM ,S1#`!

Tr~Sx
2!

5Tr@Sz
2~ i !#

1

4 (
j 50

N

(
p,q51

k

@dW ~0p,iq !ẑ#2

3FTr@„Sz~0p!S2~ jq !…(t)
exchSz~0p!S1~ jq !#

$Tr@Sz
2~ j !#%2 G ,

where use has been made of

dW ~ ip, jq !52dW ~ jq,ip !

with

dW ~ ip,ip !50.

It is worth remarking that whileHCF is an operator in-
volving only one-site spin operators,HDM involves two-sites
spin operators. Adopting the approximation that four sp
correlation functions involving two different sites can be br
ken into products of two-spin correlation functions, and
taining only self-correlation terms, one gets~for the secular
contribution!

Tr~@S2 ,H̃DM~t!#@HDM ,S1#`!

Tr~Sx
2!

.Tr@Sz
2~ i !#

1

2 H Tr@Sz
(exch)~0a,t!Sz~0a!#

Tr@Sz
2~ i !#

J 2

3 (
pÞq

(
j 50

N

@dW ~0p, jq !ẑ#2.

These approximations lead to the contribution of the D
interaction to the linewidth given by Eq.~13!. Nonsecular
contributions of this interaction has been ignored.

APPENDIX B: ADDITIONAL FORMULAS FOR THE
CALCULATION OF THE ESR LINEWIDTH

1. Nonsecular terms of the crystal field contribution

a. First-kind terms

ans(1)
CF 5 1

45 @171A2113B2110~D21E2
2!120E1

2227F2

272G2120E1~D1E2!#,
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bns(1)
CF 5 1

63 @288A2216B2114~D21E2
2!128E1

224.5F2

29G2128E1~D1E2!#,

gns(1)
CF 5 1

35 @9A220.5~B21G2!12F2#,

dns(1)
CF 5 1

2 @G22B2#.

b. Second-kind terms

ans(2)
CF 5 1

30 @54A218B2150~D21E2
2!250E1

21168F2

1288G2140E1~D1E2!260DE2#,

bns(2)
CF 5 1

21 @54A224B2114~D21E2
2!256E1

2212F2124G2

256E1~D1E2!284DE2#,

gns(2)
CF 5 1

35 @9A210.5~B21G2!22F2#,

dns(2)
CF 5 1

2 @B22G2#.

2. Crystal field tensors expressed in the local and laboratory
coordinate frames

In the local coordinate frame (x̃,ỹ,z̃), we have proposed
the following CF Hamiltonian:
M

n

l,
B

a

s

C

F.

cu

rt

.
,

c
s

21442
H local
CF 5D̃Sx̃

2
1Ẽ~Sỹ

2
2Sz̃

2
!.

Parametrizing the rotations of the local system with
spect to the crystallographic frame (j,h,§) by the two Euler
anglesl and h ~tilting from § axis and rotation in thejh
plane, respectively!, we found

D52 1
2 ~D̃1Ẽ!~cos2hcos2l1sin2h!

2 1
2 ~D̃2Ẽ!cosl sin2h1Ẽcos2hsin2l,

E15 1
2 ~D̃1Ẽ!sin2l2Ẽcos2l,

E252 1
2 ~D̃1Ẽ!~sin2h cos2l1cos2h!

1 1
2 ~D̃ 2Ẽ!cosl sin 2h1Ẽsin2h sin2l,

F152 1
2 ~3Ẽ1D̃ !cosh sin 2l2~D̃ 2Ẽ!sinl sinh,

F25 1
2 ~D̃13Ẽ!sinh sin 2l2~D̃ 2Ẽ!sinl cosh,

G5 1
2 ~D̃1Ẽ!sin 2h sin2l1~D̃2Ẽ!cosl cos 2h

1Ẽ sin2l sin 2h.
-
all,
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