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We present a model -calculation of the paramagnetic-resonance linewidth in
Lag.955r0.05 MnO3. Both the temperature and the angular dependencies can be described
by contributions from the crystal field due to the cooperative Jahn—Teller transition.

1. Introduction

The interplay between spin and orbital degrees of freedom in La;_,Sr,MnQOg is the
key to understand the complex phase diagram'~3 of the system and is subject to
intense theoretical studies.*® The orbital order (OO) due to the cooperative Jahn—
Teller (JT) effect of Mn3*, which characterizes the orthorhombic O’ phase, disap-
pears on increasing temperature at the transiton to the weakly distorted orthorhom-
bic O phase at Tyt ~ 750 K for a Sr concentration x = 0. With increasing of doping
the JT distorted phase is suppressed and vanishes near z = 0.2, which turns out to
be a ferromagnetic metal. Experimentally, the JT transition has been investigated
by resonant X-ray scattering® and by neutron diffraction.” Moreover, several elec-
tron spin resonance (ESR) investigations report anomalies at the JT transition,® 2
and an anisotropy of the linewidth in the O’ phase.'?:'3 This anisotropy has been at-
tributed to contributions of the crystal field (CF) and Dzyaloshinsky—-Moriya (DM)
interaction in a previous publication.'* Here we present a consistent theoretical
description of both the angular and temperature dependencies of the linewidth for
Lao,95Sr0,o5Mn03.
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2. Temperature Dependence of the Linewidth near the
Cooperative Jahn—Teller Transition

Paramagnetic resonance of a strongly exchange coupled spin system like LaMnQOs3
can be described using the formalism developed by Anderson and Weiss!® and Kubo
and Tomita.'® Our system can be represented by the Hamiltonian

H=-> Ji;SiSj+pus> HgS;+ Hin . (1)
%, 7

The first term denotes the isotropic superexchange interaction J;; between
neighboring spins S; and S;. For LaMnOs, this is reduced to a ferromagnetic
Jij = Jac > 0 for nearest neighbors within the ac-plane and an antiferromagnetic
Jij = Jp < 0 for nearest neighbors along the b-axis. To simplify our model we put
Ji; = 0 for all other pairs. The second contribution is the Zeeman energy of the
spins in an external magnetic field H. The gyromagnetic tensor g for Mn3* is only
weakly anisotropic in LaMnQOg. The last term Hjy,¢ includes any contribution, which
does not conserve the total spin, like CF, DM interaction, anisotropic exchange, and
dipole-dipole interactions. These interactions yield a splitting or broadening of the
paramagnetic resonance spectrum. But the strong isotropic exchange averages their
influence, resulting in a single exchange-narrowed resonance line. To determine its
linewidth AH = hl'/(gup) (half width at half maximum), one has to consider the
transverse spin-relaxation rate!”:

= % /OO dit —tKt—t). (2)

—o0
Here the correlation function K(¢t — t') of deviations from the Larmor frequency,
which are modulated by the isotropic exchange interaction, is given by

’ <[Sa7Hint]t [SaﬂHint]t'>
K:(t_t) - h2<SaSa> (3)
with the Cartesian spin components of the total spin S% (« = z,y, z). At equal times
t =t Eq. (3) corresponds to the second moment K(0) = M of the EPR resonance
line broadened by the interactions Hi,s. An assumption of a Gaussian random
distribution for the correlation function K(t —t') = Mz exp(—7w? (t—t')?/4) allows
to calculate the exchange frequency

2 _ 2 00,
Wex = M, Ot 8t”c(t o= (4)

Hence, the relaxation rate Eq. (2) can be expressed as
1 My(T
r= 21 (5)
h2\/7 wex(T)
It is important to point out that generally both the second moment and the ex-
change frequency are temperature dependent.

The temperature dependence of the linewidth below Ty can be revealed, using
an observation of Huber et al. ? that well above the magnetic phase transition the




461

numerator of the correlation function (Eq. (3)) is temperature independent, besides
a possible temperature dependence of the coupling constants in Hj,. Therefore, this
numerator can be evaluated at T'— oo. The equal-time correlation function in the
denominator of Eq. (3) is known to be (S*S) = kT x(T'), where x(T) is the static
spin susceptibility of the spin system and kg is the Boltzmann constant. Hence, for
temperatures T > T the transverse relaxation rate can be written as ?
C

M) = gy (o) (6)
with T'(o0) determined from Eq. (5) at T — oo and the Curie constant C' =
S(S + 1)/3kp. The exchange frequency for this region of temperatures can be
evaluated by the moment method as w2, (00) = (2/7h?)My(00)/Mz(c0) and is ex-
pected to be isotropic, as Huber et al. have shown for this particular case by direct
calculations of the moments.® This means that far above the magnetic phase tran-
sition, the angular dependence of the linewidth on the orientation of the external
magnetic field is entirely contained in Ma(oc0).

The Mn>* ion has the 3d* electronic configuration having a ground state °D
with an orbital moment L = 2 and spin S = 2. The octahedral electric CF splits
this energy level into the orbital triplet I's and the doublet I's with the latter as
the ground state. The orbital wave functions of the doublet have the symmetry
|2°) = dy2_,2 and |0) = d.». Below the structural phase transition O — O’ at
Ty1 the MnOg octahedra in LaMnOgs become elongated in the ac-plane in the
mutual perpendicular directions for the nearest octahedra due to the cooperative
JT effect. In addition, all octahedra experience a rhombic distortion of the same

type.?* This type of structure and corresponding OO can be understood in terms
of anisotropic forces between the quantum objects appearing due to the phonon
exchange, which can be reduced to the anisotropic elastic interactions, if to neglect
the retardation as was shown by Aminov and Kochelaev.!® The problem of the
retardation was considered later in great details by Orbach and Tachiki'? and the
limit of elastic interactions between different orbitals in cubic crystals by Eremin et
al.?? This mechanism of OO was recently investigated in great detail by Khomskii
and Kugel.?"?? The mentioned distortions of the octahedra result in the splitting
of the ground orbital doublet and give further the spin splittings of the ground
state due to the spin-orbit interaction. The effective spin Hamiltonian describing
these splittings of the ground state of the Mn at the site R; can be presented in
the following form:

Hip = cos? (R;Qur/2) {D(ST)? + E [(SY)* — (5)*]}
+sin® (R;Qur/2) {D(SY)* + E [(S7)? — (57)°] } (7)
which has to be summarized over all Mn coordinates j. The coordinate system in
Eq. (7) is defined by the Mn positions of the original undistorted cubic perovskite

and hence z and y axes are rotated by /4 around b || z with respect to the standard
a and c¢ axes of the orthorhombic unit cell. The JT vector Qv = (v/d,7/d,0)
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characterizes the alternating distortion of neighboring MnOg octahedra within the
ac plane, where d denotes the lattice parameter of the undistorted cubic perovskite
structure and resembles the distance between two neighboring Mn sites. The zero-
field splitting (ZFS) parameters D and E denote the axial and orthorhombic CF
contributions, respectively. For a realistic description of the CF, it is necessary
to take into account the rotations of the MnOg octahedra, which accompany the
orthorhombic distortion. Thereby it is convenient to transform the Hamiltonian
Eq. (7) into the orthorhombic coordinate system with the z direction along the b axis
and the z direction along the c axis. Starting at the undistorted perovskite structure,
the orthorhombic structure results from three consecutive small rotations of the
octahedra around y — z — x axes by the angles 3 —~—a. In the case of orthorhombic
symmetry all of the rotations change the sign for consecutive octahedra except of
the rotation vy around the z axis, which remains the same for consecutive ac planes
as well as the OO due to the cooperative JT effect. Far above magnetic order in
linear approximation with respect to «, (3,7, the rotated Hamiltonian yields the
second moment

Ma(oo) = D=2 20,0 ©

with the regular angular factor

Jreg(®,0) = 0.5{[1 = 3¢ + 2v(1 + ¢)]*[1 — sin”(¥) sin” ()]
+ [1 =3¢ —2y(1 + ¢)J*[1 — sin®(?) cos® ()]
+ (14 ¢)?[2 + 3sin?(9)]} .

Here ¥ and ¢ are the polar and azimuth angles between the external magnetic
field and z(b) and x(c) axes respectively. ¢ = E/D denotes the ratio of the ZFS
parameters. As one can see from Eq. (8), only the rotation around the z(b) axis
contributes to the angular dependence in linear approximation and results in the
azimuthal variation of the linewidth. This result is a consequence of the simultanious
change of the sign of rotations around the z(b) axis and OO for the consecutive
octahedra. The exchange frequency for the temperature region under consideration
can be estimated using the moments calculated by Huber et al.” as

o) = [ S /ST D) )

with the averaged exchange integral (J2) = (2J2,+ J2)/3. Having in mind, that the
ZFS parameters are temperature dependent themselves, showing a critical behavior
D = Dgt? and E = Eot? with t = (1 — T/Tyr) on approaching the structural
transition from the O’ phase to the O phase, the complete expression for the regular
part of the relaxation rate due to the CF reads

C

Pres = 75 Por (00) 27 fres 9, 0) (10)
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with

[4S(S +1) - 3]D3 (11)
100%4/65(S + 1){J?)
Inserting the experimental Curie-Weiss (CW) susceptibility x(T') = C/(T —Ocw),
the relaxation contribution I'ies increases linearly from zero at T = ©cw with

FCF(OO) =

increasing temperature, exhibits a negative curvature and is finally suppressed at
T = Tyr.

3. Critical Behavior near the Magnetic Transition

Now we consider the situation on approaching magnetic order, where the experi-
mental data reveal a critical behavior, which is not included in the regular part of
the relaxation rate. At temperatures near Ty the local-site spin variables are not
suitable any more for the description of the system and we perform a transforma-
tion into the wave-vector (q) representation. The straightforward calculation of the
second moment yields — after Fourier transformation — a sum over four-spin cor-
relation functions. Having in mind that the system is magnetically isotropic in the
paramagnetic regime, we truncate the four spin correlation functions into two spin
correlation functions. The result contains the sum of products of pair-correlation
functions of the type (Sg5%,)? and (S§5%4) (S Qs Sarq,r)- In order to obtain
the temperature dependence of these correlation functions, we take into account
the AFM coupling along the z(b) direction between the ferromagnetically corre-
lated ac planes represented by the AFM wave vector Qum = (0,0, 7/a). Using the
fluctuation-dissipation theorem in the limit ¢ — 0 and kg7 /h > w, the static
correlation functions are given via the Kramers-Kronig relation as

<S§qu> =kpTx(q). (12)
A particular case of this relation for q = 0 was quoted above. The Random-Phase
Approximation yields for the static spin susceptibility x(q) = xo/(1 — J(q)x0),

where xo = C/T denotes the bare Curie susceptibility. The Fourier transform of
the exchange integral J(q) reads

J(q) = 2 (Jae €08 ¢pa + Joc cOs gya — |Jp| cos gz a) (13)
with Jg. > 0 and J, < 0 corresponding to the assumed Heisenberg exchange. Thus,
the Néel temperature can be written as Ty = 2C(2J4c + |Jp|). Then expanding
J(Qm) — J(q) to the second order near Qy and assuming |Jy| = |Jac| vields for
the two-spin correlation (Eq. (12)):

6CksT (€\° 1
S§Se,) = = 14
< q *q> TN (a) 1+(€q)2’ ( )
where (a/€)? = 6(T — Tx)/In and £ denotes the magnetic correlation length. At
temperatures near Ty summation over q gives

a Qo 9(0]{13)25
Z (5982, === (15)
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Thus these terms exhibit a critical behavior. Contrary the other product
(S 82 (5% 4—qyrSqrqur) ives the regular temperature dependence, which is in-
cluded in the contribution calculated above. A similar analysis shows that the ex-
change frequency in this region follows

wenlT) ﬁ , (16)

reflecting the slowing down of the spin-fluctuation rate and weakening of the ex-
change narrowing. Finally, the temperature and angular dependence of the diver-
gent contribution to the transverse relaxation rate reads

B D2 C g 3/2
T =n s (£) o) an)

with the divergent angular factor
faiv(9, ) = 0.5{[L = 3¢+ 29(1 + )]*[1 — sin®(9) sin®(p)]
+ 1= 3¢ — 2y(1+ QPP[L - sin®(9) cos®(¢)]}

Here k is a temperature and angular independent dimensionless constant of the
order of unity.

4. Comparison with Experimental Data

Now we are prepared to compare our theory with experimental results. According
to the previous sections our general fit formula for the temperature and angular
dependence of the EPR linewidth can be written as follows

1

= () {Tpam(00) + Dep(00)t? freg (9, ¢) + Terpt™ 7 fain (¥, )}, (18)

with 7 = (T — Tn)/Tn. We admitted a general critical exponent « instead of 0.75
for 7. Here we have taken into account an additional contribution to the linewidth
from the anisotropic spin-spin interactions of Dzyaloshinsky-Moriya type, which is
represented by the parameter I'py(00). This contribution is not critical in the whole
temperature region and we also neglect its angular dependence. The regular and
divergent parts of the crystal field contributions are represented by the parameters
Por(00) and T'epp respectively.

Figure 1 shows the angular dependence of the linewidth in the JT distorted O’
phase for Lag 95519.0sMnO3 at 300 K and 200 K. Figure 2 shows the temperature
dependence for the external magnetic field applied along the crystallographic a axis,
together with the different theoretical contributions. The data were taken from our
previous publication!? and the corresponding fit curves (solid lines) were obtained
with Eq. (18). We used the observed transition temperatures T = 140 K and
Tyt =600 K and ©¢cw = 111 K as fixed parameters in agreement with susceptibil-
ity measurements.® The rotation angle was taken as v = 0.23, which was determined
for LaMnO3 by Huang et al.?* The fitting of the data yields the following parameter
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Fig. 1. Angular dependence of ESR linewidth AH in Lag.95Srg.0s MnO3. The solid lines represent
fit curves with the parameters given in the text.

values: T'pym(oo) = 1 kOe; Tep(oo) = 0.57 kOe; ¢ = 0.37; Tepp = 10 kOe;
B8 = 0.16; a = 1.8; v = 0.23. One can see that the predicted difference of the
angular dependence between the ab and bc planes sufficiently increases at 200 K
due to the divergent contribution because of approaching to the magnetic phase
transition in agreement with the experimental data. However, the fitted critical
magnetic exponent « is larger than the theoretical value. We were able, also, to
reveal the critical exponent of the cooperative JT phase transition 8 = 0.16. We
would like to point out that both the angular and the temperature dependence are
described with the same set of parameters. Only the angular dependence shows an
all over shift of 100 Oe because the data were obtained at another crystal with
slightly different stoichiometry.

Summarizing, we could describe both the temperature and angular dependence
of the linewidth in the JT-distorted phase by the CF and the DM contributions with
a single general formula. The main peculiarities of its behavior are well described
by the OO due to the cooperative JT and magnetic phase transitions.
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M (kOe)

T (K)

Fig. 2. Temperature dependence of the linewidth and different contributions: the Dzyaloshinsky—
Moriya interactions (DM) — dash-dot; the crystal field regular (CFR) — dot; the crystal field
divergent (CFD) — dash; the sum of contributions — solid, the fitting parameters are given in the
text.
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