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Orbital order parameter in La g ¢55rg osMNO 5 probed by electron spin resonance
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The temperature dependence of the electron-spin resonance §eblagMnO; has been investigated and
analyzed in the paramagnetic regime across the orbital ordering transition. From the temperature dependence
and the anisotropy of linewidth arglvalue the orbital order can be unambiguously determined via the mixing
angle of the wave functions of the doublet. The linewidth shows a similar evolution with temperature as
resonant x-ray scattering results.
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In transition-metal oxides the orbital degrees of freedontheir mutual coupling via the nondiagonal elements of the
play an important role for the electric and magneticdynamic susceptibilif? the values forH,. contained a
properties: Their coupling to spin, charge, and lattice is re- rather large uncertainty. To avoid these problems we per-
sponsible for the occurrence of a variety of complex elecformed new experiments &-band frequencie$34 GH2,

tronic ground states. Orbital ordéDO) can be derived via which allowed a better determination Bf .

the Jahn-TellerJT) effecf or via superexchangéSE) be- The scope of the present paper is the comprehensive
tween degenerate orbitals under the control of strongnalysis of the temperature dependence and anisotropy of
Hund's-rule coupling. Strong correlations exist between AH and theg value of the ESR signal in lgaSr oMnOs.

spin and orbital order and between OO and lattice distorye chose this concentration for the present study as an un-
tions, but of course a one-to-one correspondence cannot Bginned single crystal was available afig~ 605 K is ac-
expected. While spin and lattice order can easily be detecteghssible to our experimental seftif?

experimentally, this is not true for OO and so far the OO  ESR measurements were performed with a Bruker ELEX-
parameter remains hidden. In recent years resonant x-rayys 500 cw spectrometer & (v~9.4 GHz,4.2 K<T
scattering(RXS) has been used to derive information on the <79 K) and Q-band frequencies u~34 GHz,4.2 KT

00 parametet, but there .is an ongoing disput.e, whether < ogg K), using a continuous gas-flow cryostat for (@x-

RXS probes the JT distortion or the orbital chargeford). The oriented sample was mounted in a quartz tube
distribution” Indirectly, OO can also be derived from dif- \yith paraffin. A goniometer allowed the rotation of the
fraction _experiments via lattice distortions and bondsample around an axis perpendicular to the static magnetic
lengths™" In this work we demonstrate that electron-spmfield b

resonancédESR can be used to detect OO and to monitor Figuerx(ta. 1a) showsAH for X-band frequency and Fig. 2
the evolution of the OO parameter. Probing the spin of theShOWS AH (insed and the effective value '
partially filled d shell of the MA* ions by ESR, the anisot- g Yef

. : =hv/(ugH .9 determined fromH g for Q-band frequency.
ropy and. temperature depr—;ndencegofalge anq linewidth The observed linewidths at both frequencies nicely coincide.
AH provide clear information on OO via spin-orki80)

coupling Only near the minimum below 200 K the absolute values are
The power of ESR to gain insight into OO will be dem- slightly enhanced at 34 GHz as compared to 9 GHz. While

. ! theg values obtained a-band frequency bear a rather large
onstrated on A-type antiferromagneti@FM) LaMnO; (Ty 1618 i
=140 K), the parent compound of the magnetoresistanc%ncertamt% at Q-band frequency thg values show a

4 . X gular temperature dependence, approaching a constant
manganites and a paradigm for a cooperative JT effect th F ) ) . A
SUGQests e r2/dyz_2-type OO belowT ;=750 K 11 ‘?’ngh temperature value and increasing Ter Ty . First, we

However, it has been shown that SE interactions play ar(]jetermined the ZFS parametdbsand E from the tempera-
important role, tod? Several recent studies exhibit clear ture dependence b1y at Q-band frequency. Using the gen-

anomalies of the ESR parameters at the JT transition in botﬁ%ﬂé‘?&??ﬂ?%@iéﬁzﬂnagrfle ?ohrlf:hdeufo;[gtiigitﬁgf(??
doped and pure LaMng'~® The orbitally orderedO’ g only gey

. . . 16,17, po: the MnQ; octahedra in theac plane(axis notation such as in
phase is chgracterlzed by an anisotropbf, W.h'Ch fqr Ref. 23, we obtained the following expressions for the ef-
polycrystalline samples reduces to a broad maximum th ) - i
(T).*45 previously, the angular dependences\bf and the fectlvgg values forH,,; applied along one of the crystallo-
resonance fieldH .. had been analyzed for 200 K and 300 K 9raphic axes
in high-temperature approximation, allowing to estimate the
Dzyaloshinsky-Moriya(DM) interaction and the strength of

eff
the zero-field splitting(ZFS) parameterd® At X-band fre- Jac(T) _ B .
quencieg9 GHz) AH was of the same order of magnitude as Ja.c S = TCW[(Sg D=3(1+sin2y)],
H,esand due to the overlap with the resonance-&i,.sand 1)
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- fixed at 111 K The rotation angle was chosengs 13° as
- 84 935GHz T

observed in pure LaMng"? Then all data can be consis-
tently described by D=0.60(2) K, the E/D-ratio ¢

N
n

g 2.0 =0.3711), and theg valuesg,=1.9881), g,=1.9861),
v/ andg.=1.9841). From these crystallographgvalues, the
E 1.5 local g values of Mii™ can be calculated ag,=1.977, gy
< (=9p)=1.986, andg,=1.995, typical for ions with less
1.0 than half-filled 3 shell with the longest and shortest Mn-O
bond along the locat andx direction, respectivel§?
05 The main result of this evaluation is t&#D ratio, which

we improved in comparison to our previous estimaby the

Q-band experiment. FoI:Iext applied along theb axis the
data are nearlyf independent, whereas they clearly exhibit
the CW behavior for the other orientations. Regarding the
equation forg, , this is only possible, if the factor (3-1) is
close to zero and hende=1/3. This result is independent of
the value of the rotation angle. Only the absolute value of

D directly depends on the choice ¢f which accounts for

=
(=)

AH 7(T/,(T) (kOe)

- La St . the splitting of the resonance fields betweeand ¢ direc-
; i tion.
1.0 L . L . 1 . . . .
200 400 600 With the obtainedE/D ratio we now focus on the line-
T(K) width data. A detailed derivation of the CF contributions to

AH in the cooperatively JT distorted perovskite structure
FIG. 1. Temperature dependences(af AH(T) and (b) AH accounting for the mutual rotations of the Mg@ctahedra is
X(T)/xo(T) at 9.35 GHz forH ., parallel to the crystallographic Presented in Ref. 25. This theoretical approach can be sum-

axes. Solid and dashed lines represent fits using®as described Marized in the formula
in the text. Inset: temperature dependence of the inverse ESR inten-

sity of a polycrystalline sample. AH(’?"P)(T) — XO((_:—)) [ FDM+t2B FCFngg’(P)
X
g5'(T) Ty @
~1— 3¢—1), 2 N (.¢)
o T Taw ot Y @ ”CFD<6<T—TN>) faw ] ®

with the Curie-WeisgCW) temperatureT o, and {=E/D. vyit_h the free Curie susceptibilitxoocfl, the static suscep-

All terms of second and higher order BV(T—Tcy,) were t|b|||ty X(T), andtzl—T/TJT.' The f|r.st term.descnbes the
neglected. The temperature dependence of the effegtive ContributionI'py of the DM interaction as introduced by
values is, hence, given by the CW law of the magnetic SusI_-|ube_r_et al® This contribution is expec'Fed to survive the JT
ceptibility. Excluding the critical regime on approaching transition and hence to detgrmme the line broadening also at
magnetic order below 170 K, the data are well described by > Tar- The second and third terfice andI'cep, represent

this approach(solid lines in Fig. 3, where Toy, was kept the regular and divergent CF contributions, respectively.
Only the latter diverges fol — Ty with an exponenta,

whereas both terms decrease 1o+ T ;1 with a critical ex-

2.1} ponent 28, with B being the critical exponent of the ZFS
parametersD and E. The angular factors(%# and ;¢
read

<ol F88 = f gt (14 ) 2(1+ Esirf D),
&0
f0 0 =1[1- 3¢+ 2¢(1+)]A(1—sirPd sirfe)
34 GHy A Hib +3[1-3¢-2y(1+ ) ]*(1—sirtd cogo),
1.9r © Hllc whered and ¢ are the polar and azimuthal angles between
100 2(')0 300 I:IBXt and the crystallographib and ¢ axes, respectively. An
T (K) analogous calculation to the one presented in Ref. 25 showed

that the DM interaction does not exhibit any critical behavior

FIG. 2. Temperature dependence of the effecgivaluegq(T) at Ty. To minimize the number of fit parameters, we ne-
and AH(T) (inseb at 34 GHz forH,, parallel to the crystallo- glected here any angular dependence of the DM contribution.

graphic axes. The solid lines represent fits using Fjsand(2) for In first approximation this is justified by the observation that

Jeft, the dashed lines fakH are the same as in Fig(a. aboveT ;7 the linewidth is isotropic. However, generally an
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anisotropy of the DM contribution can arise in the orbitally K-> x>
ordered staté® But it consists itself at least in two contribu- U par> b-z> Byr> k-y>
tions from different Mn-O-Mn bond geometries, and its 10%%@ 3 E
transformation to an isotropic behavior on approaching 2 I 53%5 °°rb% F ot _ESR—' : neutron 1 %
needs further theoretical considerations. The susceptibilty & 8 & =, 1 i%ﬁ;‘?ﬁrf‘f‘f‘f".“ -
x(T) can be approximated by a CW law in cas_eToinde- '§ p I 0%0 * "1;0' 3 5
pendent exchange constants. A, however, a kink shows — O (deg. 3
. . . . . > r (deg.) S~
up in x(T) resulting in a higher CW temperature obtained 7 4k =
from data above the transitiGia fact that demands caution g | =
. ki <& LaMnO-RXS ¢ 1,3
when assuming a CW law throughout the wh@lephase, as 2r > "%

0.95770.05

the fitting parameters, especialB; could be influenced by L © Lag,Sr,, MnO,-ESR
: 1

changes in the exchange constants. To check the sensitivity 0 ! T s T

of the fit results to the susceptibility anomaly &}y, we & 0.8 oS 0—pr = — o e
evaluated the linewidth data both with a simple CW term :g ' Z~ By 5 o
[Fig. (@] and using the real susceptibilifiFig. 1(b)]. In the b= K(LT/T P22 | c,
latter case we transformed the linewidth data infdd < T S lo . &
-x(MIxo(T) [see Eq.(4)]. The spin susceptibility was de- e O7F 1 ©

termined by the ESR intensiti:gg of a powder sample, in § I

order to avoid the influence of the skin effé€fro illustrate 0

the coincidence of the JT transition of both the single crystal § 0.6 F gomo—6- = — ~°7

and the polycrystalline material, the temperature dependence g . , . , ()
of 1/lgsr is shown in the inset of Fig. (i) and the corre- 0.0 0.5 1.0 1.5
sponding linewidth is included in Fig.(d). It turned out that /T,

the fit results are stable with respect to these two procedures.

Only the transition temperatufe;= 618 K is slightly higher FIG. 3. Temperature dependence(af the reduced ESR line-

than 605 K when using the experimental susceptibility in-Width in L& osSt0MNO; compared to the RXS intensity of

stead of a pure CW behavior. But both values remain withir{l;ft‘g"nns%/ ;askzgsf(:r%’; dRﬁj'tr?é ;'1‘;" lsr?s'ggr:;e'z daenfc':teog fttl:1ee E?;rs
. . — + _ . . -

the experimental uncertainty &fT,r=*10 K for the tran malized optical spectral weight /I ,;, following Ref. 28(solid line)

zglr%gletemperatures for both single crystal and pOWOIerWith the experimentally derive® values;(b) temperature depen-

In the minimal model we omitted the divergent CF con- dence ofc; andc, determined by neutron diffraction taken from
,, i ) Ref. 7. The dashed lines were obtained uskgl—T/T )%
tribution (I'cpp=0), kept the CW temperature fixed at , ,-12
Tcw=111 K, and the rotation angle in tltae plane was set
to y=13°. In addition, the parametef=0.37 was taken
from the evaluation of thg values. The JT temperature was
allowed to vary between 600 K and 620 K. So only three fit
parameters remain, the regular part of the CF contributio
I'c, its critical exponenp at the JT transition, and the DM
contributionI'), . A simultaneous fi{Fig. 1: solid line$ of
AH(T) is satisfactorily performed above 200 K wilhpy,
=1.0(1) kOe,I'cg=0.57(2) kOe, angB=0.161).

Finally, we added the effect of the divergent CF contribu-
tion, which allows us to increase the splitting betweer
and AH_ to lower temperatures, as observed in the experi—di

- . o . scuss the consequences for OO in LaMn® Fig. 3a)
ment. As shown in Fig. ldashed linesa qualitative descrip- . f ESR i idthAH - (T T (¢
fion was obtained by fitting the-band data with[oep L ansformed ESR linewidthAHa-x(T)/xo(T) - (for

_ _ S _ H {la), which bears the critical behavior on approaching
=10 kOe anda=1.8 with fixed Ty=135 K. To show the ex : . :

good agreement of th¥- and Q-bz’i\‘nd data, we display the Tor [see Eq4.(4)], and the RXS intensity obtained by Mu-
same fit curves in the inset of Fig. 2. Theoretically, a smallef@kamietal.” for LaMnO, are shown to visualize the simi-

exponenta.o=0.75 is expected, but a pure power law holds'@rty of the two quantities on approaching bat andT,r.
only for temperatures close .2 It has been pointed out that the RXS intensity clos& #pis

The DM contributionI'py,= 1.0 kOe determined in the *(1=T/T,7)*.° where 5 denotes the critical exponent of
O’ phase is lower than the one expected frakH the OO parameter given by the pseudo spih
~1.4 kOe in theO' phase. This discrepancy can be ex-=1/2(sin®,0,cos0).°?" The angle® =2 arctan(,/cy) is a
plained by contributions of the CF due to the dynamic JTmeasure of the mixing of the wave functions of #yedou-
effect present in th®’ phase?® Comparison with the regular blet in the ground state
CF contributionT"'g=0.57 kOe allows us to estimate the
averaged valu® ), of the DM interaction as defined in Ref. hy=C1|3Z°—12) + o x>~ y?). (4)

13. The ratio of the linewidth contributions equals the ratio
of the respective second moments approximated by
10(Dpy /D)?~Tpy/T'ce.® With D=0.6 K one obtains
rbDM%O.ZS K. These values are free from the uncertainty in
the estimation of the exchange frequency in the exchange-
narrowed linewidtt® because we used tlevalues to deter-
mine the absolute values. Though being smaller than earlier
estimates for polycrystalline LaMnCheir relative strength

is in good agreement with previous resdftg?

After having extracted the ZFS parameters we will now
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To compare the results of RXS and ESR we fitted the RXS

data in the vicinity of the JT transition (650KT<T sy
=780 K) with such a critical behavidsolid line in Fig.
3(a)] and obtained an exponept=0.16(1) in agreement

PHYSICAL REVIEW B 68, 214427 (2003

l./1,5=2(1—c0sO)/(2+cosO) (8)

between the optical spectral weight with the polarization
within the ferromagnetidFM) plane (thereab) and along

with the ESR linewidth. Considering that the ZFS parametershe AFM axis (therec).?® Their simple mode[see inset of

can be denoted as
5

E=—3(p+\%A)sin®, (6)

with the spin-spin coupling, the SO couplingh and the
tog— €4 Splitting energyA,** it is easy to identify the relation
with the OO parametef. Despite the lack of data in the
critical regime, Fig. &) shows the orbital mixing coeffi-
cientsc; andc, determined from a neutron-diffractidiND)
study by Rodriguez-Carjavadt al.” The dashed lines were
obtained by using

D=-3(p+A\?/A)cosO,

K(1-T/TypP2+2712 )

with T;1=750 K and a critical exponen/2=0.08 provided
by D«(c?2—c3) and Excic,. With K;=0.10 and
K,=—0.12 the data forc; and c, can be well described

describe the three data points in the critical regime rath
suggestg~0.3. Only a detailed structural study in the criti-
cal regime will allow a direct confirmation of the critical
exponent forc; and c,, but 8=0.16 as determined from
ESR and RXS yields a reasonable description.

The main aim of this study is to estimate the an@le
= /3 arctanE/D) and to determine the type of OO by using
the obtained valu&/D=0.371), which after taking into
account the transformation to a local coordinate sy$tees

sults in Oggg—92°. Another estimate has been obtained

from neutron diffraction via the orbital mixing coefficients at
room temperaturec;~0.8 andc,~0.6 resulting in®\p

Fig. 3(a)] suggests a valu® ~74° to describe the experi-
mental value ofl./l,,=0.6 at 10 K in the AFM regime.
Theoretically, only a slight decrease & below Ty is
expectet??® and therefore®gsr~92° yields a better de-
scription of the anisotropic properties of LaMg® the or-
bitally ordered state abovE&y than ®,p~106°. Alejandro

et al. derived a similarE/D value from ESR data in
La;gSr,sMNnO; in agreement with our resulf. To the best of
our knowledge nd® estimate has been obtained by RXS and
it is worthwhile to note that the RXS intensity becomes
maximal for ® = 77/2,° the value obtained by ESR. Follow-
ing Maezono and coworkel® = /2 characterizes OO sta-
bilized by the SE processes in the FM bonds and the
electron-phonon coupling is small compared to the
bandwidth?” Recent calculations by Sikora and Oesygest
O=7/2 atT=Ty and®=83° atT=0, in order to explain
both the anisotropic exchange constants of LaMia@d the
high JT transition temperatufé These findings are in accor-

Bance with our experimentally derived value for the orbital
e{)rdering.

In summary, we were able to determine unambiguously
the type of orbital ordering in paramagneticylsgSrg osMNO3
by a consistent description of the temperature dependences
of the effectiveg factor and the ESR linewidth. The evolu-
tion of the OO parameter monitored by the RXS intensity
shows an intriguing similarity to the ESR linewidth. The
derived mixing angl&® = 92° suggests that OO is dominated
by SE coupling in agreement with theoretical predictions.
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