PHYSICAL REVIEW B 68, 214429 (2003

Temperature evolution of crystal field interactions across the Jahn-Teller transition
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We present electron-spin-resonan&SR), x-ray-diffraction, and dilatometry studies in a 4g®r;,gMnO;
single crystal. ESR experiments were performed in the paramagnetic regame 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 directions00] and[001], referred to as the orthorhom-
bic (Pbnm axes. Detailed angular variations at constant temperaturel fatating in the(001), (010) and
(TlO) 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-TéTletransition, 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 decreaseswatid almost disappears aboVgr~ 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 Eafib= —0.4(1) for the spin Hamiltonian coefficients
associated with the orthorhombi&) and tetragonal®) Jahn-Teller distortions of the MnOpctahedra. The
temperature dependence of the parameters of the model is presented and the correlation with the dilatometry
results are discussed.
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[. INTRODUCTION wards T;1, these differences diminish and the three dis-

tances become almost equal in th@ phase. At Ty
In recent years, there have been renewed efforts in thee 1010 K a second structural transition to a rhombohedral
study of mixed-valence manganites. This is due to the colostR3c) R phase takes place. The tilting of the octahedra re-
sal magnetoresistan¢€EMR) and the interesting correlation sults in Mn-O-Mn angles smaller than 180°, typically be-

between structural, magnetic, and transport properties th&veen 155° and 158° in the orthorhombic phases-=afi60°
they exhibit. in the rhombohedral phage.

In LaMnO;, parent compound of the hole doped CMR In La; - ,SK,MnQO; it has been observed that th%tmagnitude
Lay;:SrysMnOs, all the Mn ions are MA" (tgge;). The crys- of the lattice distortion decreases with the Sr contantd so

: oy : : does the JT transition temperattifedown to ~220 K for
talline structure(orthorhombicO” phasg is strongly dis- g 15 These lightly hole doped samples are intermediate
torted due to a cooperative Jahn-Tellg) effect, below  pepyeen an antiferromagnetic insulator for0 and a me-

T,7~700 K. AboveT,r the structure evolves to a much less talic ferromagnet(FM) for x=0.15. In the case ok=1/8
distorted, alsd®bnmorthorhombic,0 phase. The structural four characteristic temperatures have been associated with
deformations consist of JT distortions and tilting of the structural and magnetic transitions. A FM state is found be-
MnOg octahedra. Belowl ;1 three different Mn-O distances low T-=180 K, metallic down to 150 K and insulating be-
have been determinédVhen increasing the temperature to- low this temperature. This change is accompanied by a struc-
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tural transition to a new orthorhombic pha€¥. Around
T,7=280 K, the Jahn-Teller transition occfifsom the O’ sk
to theO phase. Abovd@ r=475 K, theR phase is observed.

It has been showfrfor polycrystalline LaMn@. 5 that the
electron-spin-resonancéESR linewidth is directly corre- =
lated with the magnitude of the JT distortions through the .*
anisotropic crystal field. The Dzyaloshinsky-Moriy®M) =
antisymmetric superexchange interactions, associated with
the tilting of the octahedra, also add to the line broadening.
Both contributions are exchange narrowed by Heisenberg 10|
isotropic interactions. Thus, this experimental technique is a
useful tool for studying thd evolution of the lattice distor- e s i1
tions. 50 100 200 250

ESR has also been applfétf to the study of the JT effect Temperature (K)
in La; ,Sr,MnO; with x<0.20. These studies, in single-
crystal materials, revealed a temperature-dependent aniso- FIG- 1. Thermal expansion vs temperatyselid lines. Mea-
tropic ESR linewidth with characteristic features aroundSurements were made along the edges irathplane and along the
T,r. Detailed angular dependence at fixed temperatures h&s 2X'S: Thﬁ dashed line indicates the dependence(ay,)
been reporte%x'lo for x=1/8 andx= 0.05. =(abd/\2)YsT. All values arerelativeto the value at 100 Ksee

The Sr concentratior=1/8 is particularly interesting be- texy.
cause it allows the study of the different structural phases at
accessible temperatures. In this work, we report x-raysteps in the process, identification of thexis, identification
diffraction, thermal-expansion, dc-susceptibility, and ESRof a andb axes, and characterization of twinning, described
measurements carried on az}g&r;,gMn0O; single crystalina  as follows:
broad temperature range. We analyzed the twin structure of (1) The ¢ axis was identified through dilatometry mea-
this particular crystal and correlate the dc-susceptibility,surements between 80 K and 350 K. Neutron-diffraction
dilatometry, and ESR results drawing a complete picture oktudie§'** had shown that in samples of similar composition
the temperature evolution of the cooperative JT effect. We LaSr,,sMnO; and Lg g:S1, 19MN0O3), the temperature de-
explain the ESR linewidth and resonance field anisotropypendence of the-cell parameter is signaled by an important
and its variation with temperature in terms of a Kubo-Tomitacontraction 1%) between 150 and 200 K wheh de-

150

300

perturbational formalism. creases througfi;r. We measured thermal expansiaiv|
along different directions in the samp(Eig. 1). It was then
Il. EXPERIMENTAL straightforward to identify the axis as the direction parallel

to the shortest edge of the sample. We confirmed this fact by
precession camera x-ray-diffraction experiments.

A 2.6x1.6x1.1 mn? single crystal of LagSr;,sMnO; (2) Thea andb axes were identified using the precession
was grown by the floating-zone metHddnd it was oriented camera method. We used this method because back reflection
at room temperature employing the precession camera x-rayaue patterns were difficult to interpret due to the twin struc-
diffraction method. Thermal expansion was measured alongjire of the samples. From the analysis of the precession cam-
different axes using a three terminal capacitance méthod era patterns we determined traandb axes are parallel to
from 80 to 330 K. ESR experiments were performed in athe larger and medium edges of the crystal but it was not
ESP-300 Bruker spectrometer at a microwave frequency dpossible to distinguish betweemand b within the experi-

9.4 GHz in the temperature range 220—570 K. Angular variamental resolution.

tions of the spectra were measured in different crystallo- (3) Characterization of the twin structure: dilatometry
graphic planes. dc-susceptibility measurements were pemeasurements showed the same valuesAfigi along the
formed in a superconducting quantum interference devicéwo directions associated wita and b, and the same oc-
magnetometer below 300 K and in a Faraday balance magpurred for the two diagonals in treeb plane. However, since
netometer from 300 to 800 K. the a and b lattice parameters have differefitdependence
acrossT ;7,512 the crystal is expected to expand along the
b-axis, remaining almost unchanged along thexis. The
. expansion along should be similar in magnitude to the

LazgSrgMnO3 forms in a rhombohedrdR3c phase that contraction along. In our crystal, the observed expansion in
is preserved down tdg~475 K. BelowTg, aPbnmortho-  theab plane is isotropic and about 50% of the contraction in
rhombic structure develops, with room-temperature celthe c direction. Therefore, we conclude that twinning is
parametefs a= 5.5448(2) A b=5.5258(2) A, andc present in this plane with almost equal proportionsa@nd
=7.7927(3) A. b oriented grains. Thus, the curve shown for tie plane

The task of orienting our crystal was achieved by extractshould be considered as an average dfada and Ab/b.
ing information from both dilatometry and precession cam-Notice that the contraction along tleeaxis observed in the
era x-ray-diffraction experiments. There were three maindilatometry experiments is somewhat larger than expected on

A. Sample preparation and experimental techniques

B. Crystal structure and orientation
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the basis of neutron-diffraction measurements of the 160
parametef:'® Thus, if there is twinning in thexc and bc 140}
planes it should be small. This twinning structure, with a g 120
well determinedc axis, has also been observed in Ref. 14. 2 100
Our precession camera experiments show also a much % 80 |
less intense secondary x-ray pattern that we associate with S 60k
minority orientation domains, whose twinning plangis?). £ 40|
These domains have thaif axes oriented along theeb di- " 20k
agonals of the main structure, aatlandb’ axes making an ol
an_gle of 45_ WIFh thec axis. Notice that there are six orien- 200 300 400 500 600 700 800
tations of this kind in the crystal.
Temperature (K)
C. Dilatometry : : : : : : :
We show in Fig. 1 the detailed dependence of the 34071 ’
thermal-expansion measurements in #ieplane and along 320
the c axis. Here, the relative positions of both curves were Q 300 I
fixed in a way that, at 100 K, their separation equals . A
o 2807
[(a+b)/2—c/\2] @ 260
(aay) ’ 240 :
where(a,,) = (abd/y2)?is the geometrically averaged lat- 220 e

200 300 400 500 600 700 800

tice parameter. In the figure, the dashed line indicates the
Temperature (K)

dependence dfa,,) vs T, relativeto the value at 100 K. The

circles correspond to neutron-diffraction resdlts. FIG. 2. (a) Inverse of the susceptibility * vs temperature(b)

In addition to the valuable information regarding the ori- gcw ys temperature, extrapolated as explained in the text. The tran-
entation of the crystal, there are other interesting featuresition temperature3,; and T are indicated with arrows.
inferred from the thermal-expansion results, given as fol-
lows.

(i) A very sharp Jahn-Teller transition afl;;
=282 (3) K, with negligible thermal hysteresis, shows an In Fig. 2(& we show the inverse of the dc susceptibility,
expansion in thab plane and a contraction along thexis  x~%(T) vs temperature, which is almost isotropi@riations
when increasing temperature. Previous neutron-diffractiorare less than 49 The Jahn-Teller and the orthorhombic to
experiments, performed in crushed crystalline infjatsd in ~ rhombohedral structural transitions are clearly featured at
polycrystalline sampleS, showed broader transitions cen- T;7=280(5) K andTz=480(10) K, respectively. They de-
tered at about the same temperature. termine three regions: beloWw;, betweenT ;1 andTg, and

(i) The thermal expansion is anomalous well abdvye  aboveTg. For T>Tg, there is a well-defined Curie-Weiss
since the rates of variation are large, as compared with theCW) behavior withC=3.15(10) emuK/mole G ané ‘"
behavior of other manganites in the paramagnetic regfme. =322(5). Below Tg, and especially at the lower tempera-
The changes observed®f; continue smoothly up to at least tures, a positive curvature of *(T) vs T reproduces the
340 K. This suggests that the crystal is still distorted abovebehavior of other CMR manganitéswhich has been asso-
T,r and a progressive relaxation takes place towards a morsated with short-range order effects. On the other hand, the
cubic structure, which is stable at higher temperatures. Thisvo anomalies observed @k andT ;1 may be interpreted in
observation is in agreement with the results of pulsed neuterms of changes d®“" accompanying the structural tran-
tron diffractior? that indicate that the microscopic atomic sitions. In lightly doped LaMn@, s, which shows strong JT
structure in La_,SrMnO; deviates significantly from the effects, the regions well below and well aboTg; were
average structure, with local JT distortions even in non-JTcharacterizetiin terms of two different values fa® " and a

D. dc susceptibility

phases. common value folC (and hence the effective magnetic mo-
(iii ) Below T, a slowT evolution of the distortion is also  men). Under the hypothesis th& remains constant for all
observed. temperatures, the intermediaferegion was describéd)y a

(iv) Magnetic order aTc~180 K is signaled by a change temperature depende@“"(T). This variation of®“"(T)
in the sign ofd/aT (Al/l) and the second structural transi- was assuméedto reflect the changes in the superexchange
tion to the FM insulating phase)” was observed at interactions due to the evolution of the lattice distortions. By
Tor—o=147(2) K, this time with a noticeable hysteresis of analogy, we could try here to identify three different CW
~3 K. temperatures, associated with each crystallographic phase.

(v) The crystallographic transition @iy, o/ is accompa- For this purpose, we should first separate the short-range
nied by a large anomaly ifa,,) that signals a discontinuous order effects that originate deviatioripositive curvaturg
volume change. from a pure CW behavior. We fitted our experimental data to
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FIG. 3. Normalized ESR spectra at different temperatures. Th 20 — ]
static magnetic fieldH is parallel to thg100] direction. %g [ .
R P P IS BT B AU SR BEPE
an appropriate (LgSr;sMnO3) normalized susceptibility 180 200 220 240 260 280 300
curve, assuming that the reference compound describes a Temperature (K)
equately the short-range order effetisat least in a first
approximation. In this way, we derive(dSW~ 296(7) K and FIG. 4. (a) Angular variation of the effectivey factor in the

g\’/v% 255(10) K for theO andQO' phases respectively.
We observed that the fitting with a sing@&“" for each

(010 plane for different temperatures: 220(flled squares 250 K
(circles, and 300 K(triangles. (b) Experimental effectivey factor

h h ; tic deviati th tall hvs temperature for fixed orientations of the samptey/ [100]
phase shows systematic devialions near the crystaliograp d&own triangleg H //[010] (up triangle$, H // [110] (starg, andH//

transitions. At this point, a”‘?' following the proce%we LJSEd[OOl] (circles. The dashed lines are calculatgdactor values in
for LaMnQ;.;, we determined al-dependent®~"(T) e ap plane and along the axis including demagnetizing field
shown in Fig. Zb). At the highest temperaturefR{phase  effects. (c) Solid lines: calculated g-factor values includibgth
©“Y(T) remains almost constant. Two well-defined jumpsdemagnetizing field and crystal field corrections. Symbols and
A8VYR~ 10K andA@%Y\io%ZO K appear affg and T, dashed lines: the same as(ly).
respectively. Note that the CW temperature increases as the
structure evolves towards a more cubic state, reflecting at al.”® in terms of the existence of magnetic clusters where a
growth of the ferromagnetic interactions, as in the éafe  hole is shared by several Mn ions. Our measurements show
LaMnQO;,. ;. Above and below the sharp jump @y that  that the apparent moment changes in a continuous way as the
signals the suppression of the cooperative JT distortiongemperature increases, suggesting that the assumed cluster
OW(T) varies smoothly with temperature, resembling The structure evolves with temperature. At high temperatures the
dependence of the thermal expansisee Fig. 1 This simi-  apparent moment decreases down to aH2which is still
larity indicates that the variations 65Y(T) are indeed as- larger than the average expected for an appropriate mixture
sociated with the evolution of the crystalline parameters. of Mn®** and Mrf* free ions,u3};=4.78ug . A Curie-Weiss

The effective magnetic moment.¢1=5.02 ug, derived law with aC constant different from the free-ion theoretical
from the C constant measured at high temperatuigs to  value has been observed in several mangdnitésvhere
800 K) is another interesting feature of the dc susceptibilitylocalized moments strongly interact with itinerant electrons.
of LaygSr,gMn0O;. The positive curvature of %(T) at  This behavior has been model&dn a mean-field approxi-
lower temperatures may be described as an increasing magration, for the case of the double-perovskitg F&MoQ;,
netic moment. As in Refs. 16 and 17, dc-susceptibility meawhere well-localized F& ions interact antiferromagneti-
surements up tol~350 K show apparent values qf.;;  cally with delocalized electrons. The resulti@gconstant is
~6.5ug. These high values were interpreted by Nague given by C=Cy(1+\x2)?, whereC, is the free-ion value,

|18
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FIG. 5. AH,vs temperature for fixed orientations of the FIG. 6. Angular variation oAAH ,, in the (001 plane for differ-
sample:H // [100] (open circley and H //[001] (filled squares  ent temperatures: 220 Ksquares 230 K (open triangles 240
Inset: idem forAH{). The T;r (282 K) and T transitions are  (filled diamonds, 250 K (empty circles, 270 K (open diamonds
indicated with arrows. 280 K (filled triangles, and 290 K(filled circles.

\ is the coupling parameter, angle is a temperature- ESR linewidth is maximum foH // [100] and minimum
independent susceptibility associated with the itinerant elecalong the{001] direction with a 180° periodicity in thé010)
trons. In the case of electron dc_)pedlc,'leanos, where and (100 planes. In the diagonal plan&kl0) and (110) the
A>0 corresponds to a FM coupling, an_enhanf.‘etcbnstant periodicity is also 180°. Instead, 90° symmetry was ob-
was measurebg.. For La;,SSrl,BMnOB, A IS also_ FM and a  geryed forH in the (001) plane. In Figs. 6 and 7, the angular
similar mechanism may explain our observation of a large iations for different temperatures up to 350 K in the (001)

magnetic moment. Monte Carlo simulatidhsor lightly (010) planes are shown. The anisotropy decreases with
electron doped CaMn{have shown that at high the elec-

trons are highly delocalized and &g is approached begin to
localize forming magnetic polarons. This picture may apply
to our case, describing theevolution of the apparent mag-

(010) Plane

netic moment. 550
o

E. Electron-spin resonance V& 500

ESR studies were carried out in the paramagnetic regime E 450

from 220 K to 580 K, well abovel . The ESR spectrum
consists of a single Dysonian lingnix of absorption and
dispersion. In Fig. 3 we present selected ESR spectra at
different temperatures. AbovE;;, the g factor is approxi-
mately isotropic and temperature independent with an aver-
age valueg=1.997(3) after correcting for the dispersion
component. ForT<T;;, the g becomes anisotropic, as
shown in Fig. 4a) for H in the (010 plane at different tem-
peratures. The anisotropy decreases with increasing tempera- 550

400

ture, as seen in Fig.(8), where we plot they factor for the )

crystallographic directions, b, ¢, andab diagonal([110]). ~. 500
The peak-to-peak linewidth H,, is also anisotropic. The o

temperature dependence &dH, for a fixed orientation of < 450}

the sample is shown in Fig. 5 fét // [100] andH // [001]. W

When raising the temperature, the Jahn-Teller transition is 400} b) ]

clearly signaled aff ;v~285 K by a decrease afH,(T) N ' x ' '
. . ' -90 -45 0 45 90

similar to that observed previoudl§for LaMnO; and sev-

eral compositions of La ,Sr,MnO3. A second step indicates 6 (deg)

the structural transition from the orthorhomb@ to the FIG. 7. Angular variation of\H,,, in the (010) plane for differ-

rhombohedraR3c phase affg=480 K, followed by a fur-  ent temperaturega) 220 K (squarel 230 K (open trianglels 240
ther reduction of the anisotropy aboVg. The ESR line-  (filled diamonds, 250 K (open circley and 270 K(filled triangles.
width presents, at all temperatures, an angular dependends 290 K (circles, 310 K (squares 330 K (diamonds$, and 340 K
similar to that we previously reportedifor T=220 K. The (triangles.
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increasing temperature and becomes very small afgye S
However, it does not disappear completely and presents & 3400 F o T E
appreciable value£50 G) up to about 450 K. AbovEg the 6 3200 . T 3
linewidth becomes isotropic. ~ E o DM]
The temperature dependence/ofl ,(T) is determined, % 3000 A
to a large extent, by the variations gfT) and is given by’ 2800 F E;ﬁ--grn n_g._u_a ____________________ o.. J—
Mo M=[CIMUTIAHg(). (@ 2 e e s 500
whereAH,, («) is identified with the linewidth extrapolated
to high temperatures. Although this parameter is usually ex
pected to be temperature independexitj ,, () does de- OF T T
pend on the structural properties of the sysi@ng., crystal e e ]
structure, local distortions, ionic distances, gtachich may 6 100 ;.' E
change with temperatur& From the experimental H, (T) = T 06 1
and the measureg(T) we obtainedAH () at each tem- & o 1 ]
perature and for different orientations Hff, using Eq.(2). -200 for T ]
The results are shown in the inset of Fig. 5. This procedur IT ]
separates the effects of the thermodynamic faCtdm x(T), e L e ——
responsible for the average increase\ef,,(T) in the para- 300 350 400 450 500
magnetic region, from the variations of the intrinsic param-
eterAH, (). Itis interesting to note the important decrease e , ,
of AHpp() as the symmetry of the lattice increases with 0 F ‘D_g.ﬁ--n-o'“‘é ° o
temperature, with the crystallographic transitions featured b~ T 1
two steps afl ;7 and Ty (see the arrows in the inset of Fig. g -10 | ?.' .
5). As discussed in the following sectioAH () involves o . D,:':' ]
the microscopic parameters associated with the spin Hami -20 e T T .
tonian of the system. : T ]
The angular dependence of the measuted, (T) is G061
mainly related ta\H () since the dc-susceptibility anisot- 300 350 400 450 500

ropy is very small(negligible in theab plane and less than
4% out of this plang The experimental data were fitted for

each temperature to the following expression, appropriated FiG. 8 ESR linewidth parameters, 3, and & vs temperature:

Temperature (K)

for the observed tetragonal symmetry: (i) from the fitting of ESR datgopen symbolsand(ii) as calculated
(see text from the model and the thermal expansion res(fited
AH () a(T)+B(T)(3c0$6— 1)+ ¥(T)(35c08 0 squares The lines are guides to the eye.
—30c0£6+3)+ 8(T)sin*6cos 4p. (3)

wV (= )
The angle®) and¢ give the orientation of the magnetic field X'(0,B)= 2kBTJm<NI hl(t’H)Mh1>eXp(_ lot)dt,  (4)

H with reference to the crystal axep€0 for H // [110)).

The first fitting showed that in the whole temperature rangewhereH=Hh is the external magnetic field alozgandh; is
y(T)<1G , thus we sety=0 within our experimental the polarization direction of the microwave fielly, is the
resolution. From the amplitude of the angular variation in
the (001) plane (= m/2) we were able to determing(T).
The. rgmammg parameter&(T) ang,B(T) were aq]usted Mhl(t,H)zexp[i/hH(H)t]Mhlexp[—i/hM(H)t], (5)
by fitting the data in th€010) and (110) planes, using the

value of §(T) previously determined. This procedure waswith #(H) being the Hamiltonian of the system agd)
repeated between 220 K and 450 K and the results are ShOV\tBTr{pA}, wherep is the density matrix operator.

in Fig. 8. The complete Hamiltonian for the system reads

component of the magnetization operator alérgand

ll. ESR PARAMETERS AND SPIN HAMILTONIAN H=Hz+Hexcn Hecr+Hom » (6)

An approach to the description of the angular variation ofwhere Hz, Heycn, Her, and Hpy represent the Zeeman,
the ESR spectrum can be based on Kubo and Tomitathe Heisenberg exchange, the single-site crystal fi€l6),
schemé"??to model the response of a magnetic system unand the Dzyaloshinsky-Moriya interactions, respectively.
der the excitation produced by a linearly polarized micro-Taking into account that the system includasonequivalent
wave field of frequencyw. The imaginary part of the dy- magnetic ions per unit cellkk=4 in the O and O’ phases,
namical susceptibilityy”(w,H) per unit of volume forkkgT ~ andk=2 in theR phasg, these contributions can be written

>Hhw is given by>?* as

214429-6
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Nk R Thus, the calculated linewidth corresponds effectively to
Hy=ugH> > Hip)g(p)h, (T AHpy() in Eq. (2), though we will not use the symbok(
1=0p=1 in the following subsection.
With these prescriptions we followed standard approxima-
o tion procedures as summarized in Appendix A. In this ap-
Hexcr= 1/2i ’12:0 Mzzl J(ip.ja)[Sip)- Sja)]. (7D proximation for the density matrix, the ESR line is centered
at Hp=%w,/gug. Higher-order contributions will be dis-
Nk cussed in following sections.
Hop= 2 2 é(ip)D(p)é(ip), (7¢) Up to second order ift{ " we found that both the CF and
i=0 p=1 DM interactions contribute separately to the resonance field
and linewidth.

N k

N k
HDM=1/2”E=0 p%l d(ip,ja)-[Sip)xSja)]. (7d) A. Linewidth

The sum ovelp (or q) runs over the different magnetic ion The angular dependence of the linewidth is given by

sites (1k) in the unit cell, whilei (or j) sums over thé\ unit — AWCF DM

cells of the crystal. One might also add dipole-dipole inter- AH(6,¢)=AHT(6,9) + AHTE(6,¢).

action terms, but an order of magnitude estimation indicated HEF (6, ¢) is built up from three terms

that these are less important. Since the operators involved in

Egs.(78)—(7d) are mutually noncommuting, the computation AHF(8,¢)= AHSE(0,¢) + AHSE1)(0,0) + AHT o) (6.¢),
of Egs. (4) and (5) requires a perturbational approach. Ac- (10

cording to Eq.(7a), if all the magnetic ions in the unit cell |\ hare sec stands for secular, andInsand n€2) for non-

were magnetically nonequivalent, one would expect a set ofecyjar contributions that correspond to terms involving fac-
four lines for a general orientation of the crystal with refer-;o.« <.,ch as explio,7) and expi2w,7), respectively. Ex-
ence to the external field direction. However, the observed, . it expressions forothe terms in Ealo,) are

spectrum exhibits, fof >200 K, only one line for any ori-
entation of the crystal. This is an indication that the exchange k

narrowing process is under operation leading to a collapsed AHS (6,¢)=(fo/weyxer) >, [3D,4p)—TrD(p)1?,
spectra. Thus, the isotropic exchangd(kg=25 K) will be p=1

assumed to be the strongest interaction. On the other hand, (113
one may observe th&{, can be written as K
.. AHSE L (0,0)=(F11 D? ) 2],
Hy= pgH Sgu At Hpres 1) (8:0) = (1 wexcn) 22 [OX(P)zz~ (Dek P))’]
with (11
k
13 AHSE(0,0)= (F2) wexen) 2, {2[D,4P) 12— 4[D(P) 1,
G = 2, O(P) =

A +2Tr(D*(p))—[D,Ap)—TrD(p)]%},
and S being the total spin operator. The residual Zeeman (110
interaction H,,.s sometimes becomes a source of field-
dependent perturbation, particularly for moderate anisotrowith D,, referred to the system witlz // H, and weych

pies of theg(p) tensors and small exchange interactihs. [Tzt .
However, in our case for experiments performediand, =~ VZJ/#” being an average of the superexchange interac-

these contributions can be ignored. Furthermore, the smaflons J, taken over the first nearest neighbors of the mag-
anisotropy observed fag,, allows one to replacg,,=g 1. netic ion. In arriving to Eqs(11a—(11c we have taken into

Therefore, the unperturbed Hamiltonian will be consideration the periodic properties of the crystal lattice. We
' have assumed that the spin self-correlation functions have a
Ho= puaGHS,+ Hexcn, (8) fast decay with Gaussian shape. If, additionally, they are

identical, the weight factor§,, f,, andf, are
where the quantization axisis alongh, and the excitation

. o A . G 1 2@
field h, is alongx. The perturbing Hamiltonian is then —f = _
fo=1> 1005a% \/ 3 [S(S+1)—3/4], (123
H,:HCF+HDM' (9)
5 27
The density matrix may be approximated py 1/Tr{1} me 3 1S(S+1)—3/4]. (12b)

X[1=1KTHeycn— (hwo/KT)S,] although in this section it
will be taken in the high-temperature approximation: Similarly (see Appendix A the DM contribution has the
=1/Tr{1}, widely justified in the paramagnetic regime. form
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fo p (£8) (77) (ss) (ém) (és) (7s)
AHPM(g,0)= — ) 2 [d0ajp)-21* (13
Wexch a#p j=0 1 -D —-E, E; ic iF, iF,
with 2 B -D By 3G 2F2 2F1
3 -k -D E; i —3F. —3F
1 \/7 4 -D  -E E I —3F1 —3F
= \/— 2 5
fom anah V10 S(S+1)(2S+1)“]. (15)
We have choser along thec axis, and the{» plane
: . coincident with theab plane, with¢ in the direction of the
B. The line position
Mn-O bond.
By takingp=1/Tr{1} in the preceding section, bo#.,p By applying the rules of transformation of spin operators

and the Zeeman interaction were absent from the densitye obtain the following CF contribution to the coefficients in
matrix. Returning now to the first-order contribution as givenEq. (3):
by Eqg. (A4) in Appendix A, and including only the Zeeman

term in the density matrix f f P
e e density matrix as §CF= 10 aCF 4 1 ns( ot ns(z) (16)
5 Wexch Wexch
w L .
p—p =p|1- kTOSZ) and similar formulas foB“", y©F, and 5CF. These coeffi-
cients can be written in terms of the crystal field Hamiltonian

. . .~ parameters, i.e,
Then, in Eq.(A4), the linear terms ir{’ lead to

agh= 5N+ E(B?+ GPHF), (173
1
Sty =— e [ dr— CF_waz_ 2(G74BY 45, (17
ZkBT 0 <S§> sec” 7 7 77
2 7sec :%A +%(GZ+BZ)_%F21 (17(3)
XTr pH' (7)| S2— = s,s_ =)
854=5(B*~G?), (170

Note that, ad{.,., cOmmutes with all the components of the where A=1/3(D+2E,+E,), B=E,—D, and F2= Fz

total spin operator, it follows o ; .
pin op +F3. Similar expressions arise for the nonsecular contribu-

5 . tions (see Appendix B
[Hexch (Sz_ 7(S:S:—S S;)) ] =0. We note that extra terms are also present, arising because

. . of the orthorhombic symmetry of the crystal structure:
If we take H'="Hcr we obtain an angular dependent posi- y y 4

tion of the ESR line aHz= ﬁwe”(a,go)/g,uB, where (see Sse F(0,0)=—18cos'6(2F ,F,+3AG)

Appendix A
—CcoSH(4AG+2F F,)+AG]sin2¢ (18

—Uwot+ 8,(t)=—uwg (4,¢)t. and their corresponding nonsecular terms.

The result obtained corresponds to a perfect single crystal.
The final expression appropriate to our twinned crystal
should take into account all the possible orientations. In what
follows we assumed that the contributions to the linewidth
originating in different orientation domains of the sample can
be arithmetically averaged. This is a good approximation
when the linewidths are similar and the resonance fields dif-
fer by much less than the linewidth. When we take into ac-

This result may be expressed in terms of an effeaivalue,
9°"(6,¢,T), given by

90,0, T)=0g{ 1—(1/20kgT)[ S(S+1)— 3/4]

k

xpzl [3D:4Ap)=TrD(p)] - (14 count the six possible orientations, we have to replace in
Egs.(179—(17d), and(18)
Thus, the overall angular variation of the exchange col- aCF_s oCF (19
lapsed line position results from a superposition of the indi- '
vidual k-site angular variation contributions. The DM term in BCF . BCF(1—3m,) (20)
H' does not contribute to the line shift. v
1
CF CF
C. Crystal field detailed calculation Y H( 1- th) Yoy eTm, (21)

For thePbnmphase, the components Bf{p) in Eq. (7c),
referred to the crystalline axes, are related by symmetry SCF
properties

35

7
—>th‘yCF+(l—th 5CF, (22

214429-8
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CF_0. 23
° @3 24 d2+d?)

These expressions have been derived under the assump-
tion that the four minority orientationd&wo differentc axes

with two associated 90° rotated domaimse present in the + wexch(déd +d,d,+dd)

same proportion, ;m The two main orientations have a

weight factorM,, such thatM,+2m,=1. Notice that the X [sin? sin 2¢+ sin 26(sing +cose)].
£CF(6,¢) term cancels out, independent of the valuerpf 29)

and the full spectrum has then tetragonal symmetry.
For the R3¢ phase, the local symmetry for Mn ions is |f we now take into account the four possible orientations for

O;,, and the second-order crystal field coefficients vanish. Cy in the twinned crystal, all the angular dependences in Eq.
(28) vanish and the DM linewidth becomes isotropic.
D. Dzyaloshinsky-Moriya detailed calculation For the orthorhombi®® and O’ phases, using the rela-

i : . . ) ) tions between components of tbecoefficients given by So-
Computing only first neighbor interactions in E43) we  |yyey et al? for the Pbnm symmetry, and taking into ac-

observe that the terms of the typégcos 2p, sin2p) cancel  o(nt the twinned structure, we derive
out when twinning is considered, as in the case of crystal

field contributions. We obtain then

apy= 3 [16(dab)2+16(d§)2+16(d°)2
k
fDM DM
(r) 2_ 2
pm = 3k) wexchpz:l ; |d®| <|d| ), (29 +8(d§)2+8(d37) 1, (293
S S gz 02 Bou=3,2 (1-3m) {160
Bom= =3 3 [3(dP0)?-[d P OM ™ 3 rexe t
3k Wexchp=1r=1
—8(dg”)?-8(d3")* - 4(d*~4(d5)*], (29D
_ 2
&~ (dI%)1, (25 where the suffixegb and ¢ refer to components of a DM
vector connecting the central ion with in-plarieb) and
Yom= Som=0, (26)  c-axis nearest neighbors, respectively.

where thep sums run over the different lattice Mn sites and
the r sums over the corresponding six nearest neighbors
(nn); the bracketg ) indicate average values over nn. Inde- In this section we will discuss first the behavior of the
pendent of the symmetryypy=pu=0 results from the parametersa(T), B(T), and §(T) that describe the mea-
mathematical form of Eq(13). For the DM interaction we sured linewidth, considering the different contributions ana-
observe also that there are no nonsecular contributions to thgzed in the preceeding section.
linewidth. Above Tg we observed an isotropic and temperature-
For the rhombohedrdR3c phase we have calculated the independent linewidtiisee Fig. %, characterized by a con-

components ofi(®") allowed by the symmetry. We consid- stanta. Note that in this rhombohedral phaggy is ex-
ered the two Mn sites located & =(0,0,0) and P’ pecte(_j to identically vanish, in agreement _vvith our
—(0,0,1/2), referred to the hexagonal ax@s=ag(X—2), experlmental data. On the other hand, no crystal field contri-
- Aa - A A A ) butions are expected because the cubic local symmetry does
by=ao(=x+y), andcy=2ap(x+y+2), whereao is the . 5116,y second order terms of the type included in &g).
cubic perovskite parameter. For t[?eflrst ”e'ghb°fsx7 Yo Thus, only the DM interaction contributes to the linewidth,
and Z located atagé, ag7, andaps, respectively, we ob-  gng a(T>Tg)=aR),=2600(30)G. From Eq.(24), and us-
tained ing 28305 for fpy/weycn, We derived an average value

B (|d|?)¥?kg=0.34(1) K.

dpx=(d;,d,,ds)= dP( X) s (273 For the orthorhombic phas&3 andO’, both the crystal

R R field and the DM interactions add to the linewidth due to the

dpy=(ds,d¢,d,))=dp_v), (27 reduction of the local symmetry of the resonant ions. In the

O phase, the distortions of the octahedra are significantly
dp,=(d )=5p( 2 (279 smaller than in thé®’ phase, especially, as we will discuss
later, well above the transition temperatuig;. Thus, we

where—X, —Y, and—Z indicate the opposite sites. For the may assume, in a first approximation, that closeTfothe
correspondingP’ neighborsdp, y=(— d;,—d,,—d,) and main contribution to the linewidth has a DM origin, as in the
the other parameters are obtained by cyclic permutations &se of ther phase. Then,

for the P site. Thus, for a perfect single crystal in the rhom- ©)
bohedral phase, a(T=Tr)~apy~275050)G, (30

IV. DISCUSSION

214429-9
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B(T=TRr)=(1-3m,) B8}~ - 155)G. (31  Deisenhoferet al° found also thaD andE have opposite
sign (E/D~—0.9) for LaMnG; doped with 5% Sr.
From Egs. (293 and (29b we obtain (|d|?)g§7ks The coefficientd andE in Eq. (32) are directly propor-
=035(1) K, and (|d)o/ks=0.24(1) K  USING tional to the magnitude of the distortion modes of the MnO
hwexcn/kg=61 K. octahedra, Qy ,= —1/y3(2l—m—s) and Qay,=s—m.

The DM interaction appears bgcaus_e of the t|!t|ng of the'Here we have associated the tetragonal axis with the longest
MnOg octahedra, and neutron-diffraction experiménts

have shown that the Mn-O-Mn angles remain essentiallywm'o distancd~alon%the§ direction for the Mn ion at the
constant with temperature. Thus, it is not surprising that only(0,0,0 site. They andz axes were taken parallel to the short
a small change is observed acrd@ss. Following this argu-  (s) and medium(m) distances, respectively. The crystal field

ment, we may expect thalpy andgBpy are almost tempera-  coefficients are symmetry relatédand E/D=—Qaq,/
ture independent in both phas@sand O’. The values of (V3Qag.u) = (s—m)/(21 —m—s).

afs) and B} were then subtracted from the measuséd) Neutron-diffraction ~ dafa at 200 K gave
andB(T) in order to separate the crystal field contributions, _ (Qsg.0/Qsq.)/ V3= —0.26. Results for othex values in
acr (T) and Ber(T). La; _,Sr,MnO; samples x=0.05, 0.075, and 0.10ndicate

We observe that the measured parametds), B(T),
and 5(T) shown in Fig. 8 signal the Jahn-Teller Fransmon Sr concentration, with an average of(Qaq,/Qs )3
with noticeable steps &, and approach asymptotic values . — o TS
well above this temperature. In order to correlate the ob- _0_'26(_6)' These values |_mply aratib/D that is coincet-
servedT dependence of the ESR parameter anisotropy wit/fl€Nt in sign with our experimental results for the ESR line-
the evolution of the distortions of the Mn@ctahedron, it is W'dtf? and close in magmtglde. The absolute values of the
convenient to refer the system to a “local” coordinates frameCOeMicients are in reasonabie agreement. .
defined by its principal axes. Neutron-diffraction restitfs In order to check the validity of our explanation, we have
indicate that the Mn@ octahedra present tetragon&4 ,) reproduced t.he temperature variation o{T),5(T) and
and orthorhombicQs,,) distortions from the cubic symme- &(T), assuming thaQsg,y,Qsg,,, @nd consequentp(T)
try, preserving approximately the right angles. The local CFandE(T) are proportional to the orthorhombic distortion of

that this ratio is only weakly dependent on temperature and

Hamiltonian is then the lattice, s(T)=37_,|a,—(a;)|/3(a), with aj=a, b, c,
and{a;) as defined in Sec. Il C. Using the neutron-diffraction
HEE =BS§+~E(S§—S§), (32) data®we have found that these relations are correct within

an uncertainty of about 35%. Thus, the crystal field contri-
butions toAH () result proportional t®?(T). The empty

wherex andy are the Mn-O directions in the basal plane of squaresand the lines connecting therim Fig. 8 correspond
the octahedron. Equatiqi32) corresponds to one Mn site in to the normalized curve&o 280 K) calculated using values

the unit cell and similar expressions could be readily de-]c T) derived f dilat ¢ s of Fi
duced for the other three sites by applying the symmetr)p S(T) derived from our dilatometry measurements of Fig.

. = = 1, and taking the ratic(T)/D(T) as constant. Sinca,b
operations of thd®bnmgroup. The parametei3 andE are
related to the coefficients in Eq¥a—(7d) as shown in Ap- = (&) andc/y2=(a;), S(M=[2(a1/D)ap—(Al/)c]/3. The
pendix B. calculated curves follow closely the behavior®fB, and

We have analyzed first the resultsTat 280 K. This tem-  OPtained from the ESR experiments.

perature is appropriate for the first determinatio®odndE, All the parameters present a stepTaf, followed by a

. ) . slow decay above the transition. It is interesting to note that
because the system is already in the JT dlstp@éqmase the experimenta3(T) shows, aboveT;;, a variation even
and far enough fronT., where other mechanisms may af-

i ; o ) slower than that expected from the thermal expansion. This
fect the linewidth. In the fitting we left as adjustable param-,,servation suggests that the local distortions persist up to

eters, beside® and E, the twinning fractionm; and the  higher temperatures than the macroscopic ones do.

weight factorsf, andf; [leavingf, as given by Eq(12a]. Below ~250 K, AH,,() increases rapidly with de-
We found the best fit with a ratib,:f;:f, equal to 1:10:0.3  ¢reasing temperature as shown in the inset of Fig. 5. Besides
instead of the ratio 1:5:1 predicted by E4$2a and(12)  crystal field effects, short-range FM ordering could contrib-
that rests heavily on the hypothesis that all the spin correlagte to the broadening of the linewidth in this temperature
tion functions are equal. This assumption, although considregion. Finite-temperature corrections to the calculations of
erably SlmpIIerS the CalCUlationS, is not necessarily fUIfl”edthe previous sections are then needed to exp|ain this broad-
in the real spin system. A different ratio between theloes  ening. The first correction terméncluding only statistical

not violate the strongest hypotheses of the theory. The twineffecty exhibit the same angular dependenceAdt ()

ning fractionm, is also a relevant quantity of the fitting. and are proportional to-J/kgT. Therefore, the linewidth
From the x-ray precession camera photographs we were abigj|| either increase or decrease depending on the sign of the
to estimate tham,<0.15. So we continuously varied this dominantJ. In our case the increase observed is compatible
parameter between 0 and 0.15 in order to improve the fittingwith FM interactiong minus sign in Eq(7b)].

The best result was obtained with,=0.11. With this con- As Tc is approached, the effectivg factor, gefs
straint, we foundD/kg=0.69(4) K andE/D=-0.4(1). =hv/ugHg, deviates anisotropically from its high-
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temperature valug,=1.997(3) andAg(6,¢)=0esi(0,¢) about 2[shown as continuous lines in Fig(cd]. This fact is
—go~f(0,0)(T—Tc) %, with Tc~180 K. compatible with out previous calculations since, as there is
In order to analyze this behavior we should, first of all, an arbitrary scaling factor fofy, f,, andf, in Egs. (123
consider the demagnetizing fields which become importanand(12b), this choice would imply only a renormalization of
in this temperature region. The effects of these fields wer¢hese coefficients. Although fdd away froma (or b), the
also observed in the dc-magnetization measurements, whesglitting becomes smaller than the linewidth; numerical
the shape of the sample provides an extra source of anisadimulations of the superimposed spectra allowed us to con-
ropy. The data takefunder an applied field of 1.5 kgauyss firm the sin (2p) angular dependence in tladd plane.
are compatible with the behavior expected for an oblate el-
lipsoid with a eccentricity okt =0.5, which is an adequate
approximation for the average dimensions of our sample.
Using the corresponding demagnetizing fie{dsoportional We have performed a systematic study of the thermal ex-
to the measured magnetizatjiowe have calculated thg  pansion, dc-susceptibilityy, and ESR spectra of a
shifts shown as dashed lines in Fig(by for H//c and  La;gSrgMnO; single crystal in the paramagnetic region
H//[110] (ab diagonal. For these orientations most of the across thé’-O-R structural phases. The successful orienta-
experimental shift is accounted for in this way. tion and characterization of the twinning in our sample was
However, wherH is rotated in theab plane, a significant crucial to interpret the ESR results. As revealed by the
splitting of the line is observed fdfl parallel to the edges of dilatometry measurements, the transition from @&ephase
the sample. As already stated in Sec. Il B, these orientationsith cooperative Jahn-Teller distortions to t@ephase, at
correspond to the (or b) axes of each of the orientation T,;r=282(3) K, is very sharp and with very small hyster-
domains. This splitting cannot be interpreted as a demagnesis. AboveT;r, the local distortions persist and average
tizing effect, and thus we ascribe this observation to ESRyradually to zero, giving rise to anomalously large thermal-
lines corresponding to different parts of the crystal with ei-expansion coefficients. The transition from t@ephase to

ther thea or theb axis pointing alongH. _ the high-temperaturB3c phase af z~480 K was observed
Coming back to Eq(14) we observe that thg factor is  jn hoth ESR and susceptibility experiments. We have shown

also affected by the finite-temperature corrections. We cagat the Curie-Weiss temperatuBs”VY(T) presents a behav-

expressAg/g as ior that reflects the structural changes of the system.

The angular and temperature variations ofgHactor and

V. CONCLUDING REMARKS

Ag(6,6.T)Ig= S(S+1)—3/4 the linewidth were analyzed using a perturbational Kubo-
At 5kg(T—Te) Tomita approach. In our scheme the ideally narrow ESR line
is broadened by the crystal field interactions and the DM

> —E(5+3E)(1—§sin2)\)(3 co26—1) antisymmetric _exc_hange. With this model, and taking into

2 2 account the twinning state of the sample, we were able to

nicely reproduce the angular variations observed. The tem-
perature dependence of the anisotropy was analyzed in rela-

(D —E)(sin 27 cos\)sir 6 sin 2¢ . Ot the
tion to the structural distortions.

N W

(33
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In Eq. (33) the measured rati&/D almost cancel the
factor (D +3E) and this explains the negligible effect for APPENDIX A: THE KUBO-TOMITA APPROACH
H//c or H//ab diagonal =0). Instead, foro=45° (H//a) ] .
or o= —45° (H//b), the crystal field contribution tAg/g is From Eq.(4) and takingM = — uggS¥V with x= hy, it

maximum, as shown with the continuous lines in Fig)din ~ follows from Eq.(8) that

this figure, a temperature dependence BqfT) and E(T) R

was assumed proportional to the orthorhombic distortion, as [Mh,, Hexchl =[S, Hexchl = 0. (A1)
discussed previously. Note that the calculagefactors fol-

low qualitatively the experimental behavior. A better quanti-Recalling that

tative agreement with the experimental data is obtained if the

absolute values of both andE are increased by a factor of exp —iwyS;t)S.expiw,S;t)=S.exp Fiwgt),
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wherew,=gugH/7%, one can write in the high-temperature 1 ¢ 5
approximation ® (t,H)=ex _—f t— (7 H
pp u(t,H) p{ H( S S (S R (7 H)]
My, (t,H)M —i 2,23 (B(t,H
< hl( ) ) h1>T~>oo_2V29 MBu=il <Sx( ’ )SU>T~>00 X[HI,S,U:DT*)xdT ] (A5)

Xexp —iuw,t
3 wol) After adopting approximately p=(1/T{1}){1

and —(UkT)Heyeh— (hwo/kT)S,}, the first-order terms
([H'(7),5_41Su)7- in Eq. (A4) require the calculation of
S (t,H)=exp( — i/l Hot)S(t,H)exp(i/h Hot). - ~ ~
’ i Tp(H (1)S,S, —H' (1S, S} =Tr{p(H' ([, S, D}
The equation of motion fo&,(t,H),
=—2TpH'S,},

St H)=i/A[H'(t,H),S(t,H)] which vanishes as it involve traces taken over an odd number
L . : f spin operators, whethef ' refers toHcg or to Hpy -
can be formally solved by successive iterations in terms ofypan finite-temperature corrections are included, one may

increasing orders of{’(t,H), although this is usually done expect contributions that shift the line position frany (see
only up to second order. Given the form of the operatorgexi).

composingH ', it is simple to show that the first-order term  \jith regard to®,(t,H), we consider now the case of
vanishes identically because it implies the averaging of any’=7... Following standard proceduré$?for the cal-
odd number of spin operator components. The second-ordelation of the commutators involved, retaining terms inde-
contributions have term&*either independertsecular con-  pendent ofw, (secular contributions and keeping only the

tributions or dependent on the frequenay . If only secular  contributions due to self-correlation functions, we obtained
terms are retained one gets

([Su. H' (r,H)I[H',S_u])

Gt H)Sp) 1o =2 ~112A(7)|sec02r(0,0,¢)

sec

J't 1 (AB)
0 2(S2)1 .. with

=(S) 1 2 |1+i/h

X([H'(7),S_y]Sy) 7wl T~ w2:(0,0,0)= {3D,,(p)— T D(p)1}2|.

4
- — > (| L
2h2(S2) 10 p=1 (2h2
t ~, ) Here, the argument O implies secular contributions against
X O(t_T)<[SJ!H (T, H)I[H", Sy Dr—=d7|. those nonseculab2 (* w,, 6, ¢) or wir(2w,,0,¢). In Eq.
(AB) A(7)|seccan be written as a combination of different
(A2)  spin-correlation functions such as

This expression is usually assumed to correspond to the ini-

tial terms in the expansion of an exponential function, such  —_—____([5,(0p)S, (0p)]X°"S,(0p)S_(0p)) ,
that Eq.(4) can be put into the form 2<S§(Op)>m< ’ % )
() where we have already taken into consideration the periodic
X' (0,H)]7_ .= g’us x} properties of the crystal lattice and also that all self-
4kgT QN correlation functions should be identical for any of the spe-

cies(1-4) of the magnetically nonequivalent ions. Then

x > f:dtcbu(t,H)

u==+1 w <S§>°C
" ,B = 2 2[

cexd—i(wtuat+iom],  (az X @ == 2T 8 N

where() is the volume of the unit cell(=QN) and % f_ [Dcr(01,0,0)ex —i(w+ wo)t]
1 1 ~ —i(—
ault)=% f ([F (1.5 180 dr, (Ad) Pep(0L b p)ext ~i(w = wo)tldt,

0 2(S?) (A7)

while the relaxation functio , is given by where
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Dcp(0t,6,0) to the linewidth. In these cases, as we assWwpg.> w, ,
the following replacement has been used in all of these con-
2 I tributions to the linewidth:
=€eX _wCF(OIGI(P) 0 (|t|_T)A(T)|sech -
t ngch 2 d

If all A(7) functions are fast decaying functions of the O(t_ T)eXp — — 7 |codpwor)dr
upper limit of the integral can safely be extended-toUn-
der this assumption, one can see that the first contribution to N 5
(01,6, ¢) is linear in|t| while the second only produces =t|— "], XA x%)dx.
an irrelevant correction to the amplitude of the signal. Con- exe
sequently, in the high-temperature limit one arrives to Concerned with the DM interaction, one similarly obtains
X'(@.B)lr- Tr([S- Hom()][Hom S 1)

o, (S ™S))

= kT Y 8l TON

18X L .
. . =TSz 2 X [d(Op.ig)z)?
Xexr{ _Jo TA(T)dT) fﬁx{exr_[—i(w-l-wo)t 1=0pa=

y T (S,(0p)S_(ja))5™"S,(0p)S. (ja)]
(T S2() 112

where use has been made of

_FCF( a’ﬁo)lsecltl]""eXFX[_i(w_wo)t
e 01¢)|se4t|])}dt,

which after performing the Fourier’s transform will lead to a

Lorentzian lineshape. Also d(ip,jq)=—d(jq.ip)
with
FCF(61¢)|SQC~O)%F(0101QD)( J'O A(T)|secd7' . (A8) 6(ip,ip)=0.
Thus, Tcr(6,¢)|sec is built from two factors: an angular It is worth remarking that whilé”{c is an operator in-

varying functionw%F(O,e, ¢) which depends on the crystal Volving only one-site spin operator&py involves two-sites
field tensors at each site projected along the direction of th&Pin operators. Adopting the approximation that four spin-
magnetic field times a term that corresponds to an imegrd;orrelation functions involving two different sites can be bro-
over spin self-correlation functions. If these are taken ofk€n into products of two-spin correlation functions, and re-
Gaussian form, which is usually assumed to be a reasonabl@ining only self-correlation terms, one gefer the secular
approximation for rapidly decaying functions, as expectedcontribution

for the spin correlations in systems forming three- ~

dimensional magnetic network&pne gets Tr([S- ,Hom(7) [ Hom +S+ 1)

. . Tr(S))
“ * WeychT m
UO A(r)lsecdr>o<fo em(— > |dr= wmh\@. zTr[SZ(i)]} TSN (0a,7)S,(0a)]) 2
2 T S3(i)]

We assumed thaibe,.,, arises from a combination of the

exchange parameted$(0a,jpB) as N A
xgq ]ZO [d(0p,jq)z]*.

Fopig)|"” [ P . .
> ———| ~\ I (A9)  These approximations lead to the contribution of the DM
P.qii=0 h h interaction to the linewidth given by Eq13). Nonsecular
contributions of this interaction has been ignored.

N

Wexch™

with z being the number of first neighbors adtlan average
value of the exchange coefficients of E@b). Therefore,

i APPENDIX B: ADDITIONAL FORMULAS FOR THE
I'ce(6,¢)|secCan be written as

CALCULATION OF THE ESR LINEWIDTH

wif(O,G,go) 1. Nonsecular terms of the crystal field contribution

1—‘CF( ey(P)|sec°C . .
exch a. First-kind terms

showing how the exchange interaction produces narrowing CF = A[171A%+ 1382+ 10(D?+ E2) + 20E2— 27F2
effects on the linewidth. A similar calculation along the same ns(1)— 45 2 !
lines can be done to obtain the nonsecular CF contributions —72G2+20E,(D+E,)],
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BCF, = &[288A2— 1682+ 14(D2+ E2) + 287 — 4,572 HEF ~DEHE(SE- D)
9% 26E,(DEy)], Parametrizing the rotations of the local system with re-
iy = B0 BT GY 2R, anglosh and.» (g o s 4 and roation in ey
555(1): 1G2-B2). plane, respectively we found
b. Second-kind terms D=—3(D+E)(cosncos\ +sirf )
aSls)=%[54A%+8B%+50( D2+ E3) — 50E2 + 16872 —1(D—E)cosh sin2yp+Ecogysiré,
+288G2+40E,(D + E,) —60DE,], E,= (D +E)sirtr—Ecod,

Brtiy= 21 54A2— 4B+ 14(D?+ E5) — 56E; — 12F 2+ 24G? -
ns(2)" 2t 6D+ £y BIDE ]2 ' E,=—3(D+E)(sir’n co$\ +cog 7)
—o0E(D+Ey)— 20y

+3(D —E)cos\ sin 25+ Esirtz sirx,

N

Yrga)= 35 9A?+0.5B?+ G?) — 2F?],
F,=—1(3E+D)cosysin2x— (D —E)sinA siny,
5S§2):%[82_G2]. 1 2( ) 7 ( ) n
. , F,=3(D+3E)singsin2x—(D —E)sin\ cosz,
2. Crystal field tensors expressed in the local and laboratory

coordinate frames L = . ~ ~
o G=1(D+E)sin 29 sirPA + (D —E)cosh cos 25
In the local coordinate framex(y,z), we have proposed _
the following CF Hamiltonian: +E sirP\ sin 27.
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