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We present a comprehensive analysis of the Dzyaloshinsky-Moriya interaction and crystal-field parameters
using the angular dependence of the paramagnetic-resonance shift and linewidth in single crystals of
Lay 95Srj osMnO3 within the orthorhombic Jahn-Teller distorted phase. The Dzyaloshinsky-Moriya interaction
(~1 K) results from the tilting of the MnOg octahedra against each other. The crystal-field parameters D and
E are found to be of comparable magnitude (~1 K) with D~ —E. This indicates a strong mixing of the

[322—72) and |x2—y?) states for the real orbital order.
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I. INTRODUCTION

The importance of orbital degrees of freedom in under-
standing the complex phase diagrams of manganites' is a
subject of intense research activities (see, e.g., Refs. 2—4 for
an overview). The antiferromagnetic insulator LaMnO; (T
=140 K) is an orbitally ordered system,” which has been
established experimentally by resonant x-ray scattering® and
neutron diffraction.” Moreover, Saitoh ef al. recently re-
ported evidence for orbital excitations by Raman
spectroscopy.® The orbital order in LaMnO; is induced by
the cooperative Jahn-Teller (JT) effect of the Mn*" ions
(electronic configuration 3d*: tgge;,,, spin S=2), which at
temperatures 7<<77r="750 K leads to a strong orthorhombic
distortion of the perovskite structure. In the paramagnetic
state, electron-spin resonance (ESR) reveals a single
exchange-narrowed resonance line with a g value near 2.0
due to all Mn®* ions’ and hence directly probes the spin of
interest. Doping divalent ions such as Sr or Ca as substitu-
ents for La’" gradually suppresses the JT distortion and
leads to a ferromagnetic insulating and finally to a metallic
phase at approximately 15% Sr doping.

In a previous work, we presented a systematic ESR study
in single crystals of La;_ Sr,MnO; with Sr concentrations
0=<x=<0.2."" In the JT distorted phase the resonance line-
width AH is strongly enhanced compared to the undistorted
phase, reaching maximum values of about AH,,
~2.5 kOe. Similar results were reported from polycrystal-
line La; _,CaMnO; (Ref. 11) and oxygen-doped ceramic
LaMnO;, 5."> Moreover, the single crystals exhibit a pro-
nounced anisotropy of the resonance linewidth in the Jahn-
Teller distorted phase, which disappears at temperatures 7T
>Tyr. The pure LaMnO; sample turned out to be strongly
twinned and, therefore, did not allow a detailed analysis of
the angular dependence. Instead, the Lag o551, osMnO5 crys-
tal was found to be untwinned and can effectively be treated
like the mother compound (x=0), as it is still an antiferro-
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magnetic insulator (7y=140 K) showing a similar mag-
netic susceptibility. Only the JT transition is shifted to lower
temperatures, with 7yp(x=0.05)=600 K.

In an earlier approach,'® we ascribed the orientation de-
pendence of the ESR linewidth to the influence of the
Dzyaloshinsky-Moriya (DM) interaction, which arises from
the tilting of the MnOg octahedra along the antiferromagneti-
cally coupled b axis, only. However, the orthorhombic dis-
tortion of the MnOg octahedra itself gives rise to a crystal-
field- (CF) induced line broadening of comparable order of
magnitude'"*'? and for a complete description one has also to
take into account the DM interaction via Mn-O-Mn bonds
within the ferromagnetically coupled ac plane, which is
smaller than along the b axis but not negligible.

In the present paper, we analyze the full angular depen-
dence of the resonance field and linewidth for the three main
crystallographic planes in the paramagnetic regime of the JT
distorted phase and extract the microscopic CF parameters D
and £ and the DM vectors for all Mn-Mn pairs. For experi-
mental details and evaluation of the ESR spectra we refer to
our previous publication.' Our analysis is based on the
structural data for LaMnO; determined from neutron-
scattering experiments by Huang et al.'* Throughout this pa-
per we will use the crystallographic notation following
Huang et al., where the b axis (instead of the former ¢ axis in
Ref. 10) denotes the direction perpendicular to the ferromag-
netically coupled ac planes.

II. THEORETICAL BACKGROUND

A strongly exchange-coupled magnetic system such as
LaMnOj; can be described by the following Hamiltonian:

H=JZ) Si-S;—upX, H-g S+ Hiy, (1)
1

(i<j

where the first term describes the superexchange interaction
between two next-neighbor Mn spins S; and S; with coupling
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constant J. The second term describes the Zeeman splitting
of the spin states with gyromagnetic tensor g within an ex-
ternal magnetic field H. The third term H;, includes all in-
teractions, which do not conserve the total spin and, there-
fore, contribute to the broadening of the ESR line. These are
the CF, DM, anisotropic exchange (AE), dipole-dipole, and
hyperfine interactions. An estimation of their relative
strength'! shows that CF and DM interactions yield by far
the largest contribution.

To derive the appropriate expressions for CF and DM
interaction, we use the structural parameters of the
LaMnOs;-Ila sample (space group Pnma) determined by
Huang et al.,'* because it shows an antiferromagnetic ground
state and an ordering temperature of about 140 K, which is
consistent with the magnetic properties of our sample.'® Fig-
ure 7(a) in Ref. 14 shows the crystallographic structure of
LaMnO; in the strongly Jahn-Teller distorted phase. The
long axes of the MnOg octahedra are found close to the ac
plane and are rotated with respect to their next neighbors
within the ac plane by about 90°. Additional tilting along the
b axis gives rise to four inequivalent positions of manganese
ions in the orthorhombic unit cell, which is illustrated in Fig.
7(b) of the same Ref. 14.

In a local coordinate system (&, #,{), where the axes are
directed along the Mn-O bonds of the MnOg octahedra, the
spin Hamiltonian of the crystal field can be written in terms
of cartesian spin components (S¢,S,,S,) with parameters D
and E as'®

HE=D'S;+E'S,, )

where D'=D—FE and E'=—2E. The { axis is directed
along the longest Mn-O bond close to the ac plane and the 7
axis is parallel to the Mn-O(1) bond almost along the b di-
rection. Small orthorhombic distortions of the MnOg4 octahe-
dron will be neglected here. Transformation into the crystal-
lographic system (x,y,z along a,b,c axes) yields the matrix
elements Dg’g, where (a,B8)=(x,y,z) and j=1,... .4 runs
over the four nonequivalent Mn places.

The Hamiltonian, which describes the antisymmetric DM
interaction,'” can be written as

HDM:Gij'[SiXSj]> (3)

with the DM vector G;;=d;;-[ng;Xny;] being perpendicu-
lar to the plane defined by a Mn ion at site i, the bridge
ligand O, and a Mn ion at site j, where n are unit vectors
along Mn>"-0?" bonds.'"®"” The intrinsic scalar parameter
d;; strongly depends on the orbital states and the Mn-O-Mn
bridge angle. In the case of pure LaMnOj; both the tilting and
the JT distortion of the MnOg octahedra account for the ori-
gin of antisymmetric contributions to the superexchange in-
teraction between the Mn ions. A necessary condition for the
existence of DM contributions is the lack of a center of in-
version between the magnetic ions.!” With the apical oxygen
being shifted away from the [010] axis, there is a rather
strong DM coupling between the ac planes and a smaller
coupling within the ac planes. Figure 1 depicts all next-
neighbor couplings that give rise to a DM interaction.
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FIG. 1. Next-neighbor bonds of the Mn ions. «, 8, and vy denote
the cartesian components of the DM vector G;; .

For the Pnma structure, the components G?j (a
=x,y,z) of the DM vectors of all Mn pairs within the unit
cell can be easily obtained and the absolute values can then
be expressed via two parameters d; (inter-ac plane) and d,
(intra-ac plane).

In the case of strong exchange narrowing (H > Hi,), the
ESR linewidth AH is determined by the second moment M,
of the resonance line divided by the exchange frequency

wCX?

hoM,
AH=——2
EMB Wex

4)

In the present case the second moment is determined by
the sum of DM and CF contributions (M>™+ MSF).

Within the coordinate system, where the z axis is deter-
mined by the external magnetic field, the second moment

due to the Dzyaloshinsky-Moriya interaction is calculated
21,22
as™

2 ~ ~ ~
MPM=TS(SHD 2 LG+ () +2(G)7 ()

The index j=1,...,4 is running over all four magneti-
cally inequivalent positions of the Mn ion in the unit cell.
The sum over index i=1,...,6 refers to the six next Mn
neighbors around each Mn site with number j. After transfor-
mation into the crystallographic system, the average over all
four positions yields the angular dependence

MM=25(S+1){(2aj+4a?,)[1+sin’0cos’]+4 8%, 1
+sin?@sin’ @]+ (2yi+4v2,)[1+cos?6]}. (6)

Polar angle # and azimuth angle ¢ are measured with
respect to the ¢ and a axes of the orthorhombic unit cell.

For the crystal field, the expression for the second mo-
ment in the crystallographic system reads, e.g., for the ab
plane
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1 1 . . .
MSF(ab)= o5 [4S(S+1) =311 5 3 [2D)~DY~ DY)
J

5 L ‘
+3 2,: [(DY)—DY)2+4(DY)?]

+72 [(DY)?+(DY)*1+ 2 [3(DY)?
J J
—3(DY)?~(2pY-DY)- DY)

X(Dgc)—D;/;)]COSZQD ) (7)

The respective expressions for the ac and bc planes are
obtained by the permutation of (x,y,z) and exchange of ¢
— 6. Again, the sum over is running over the four inequiva-
lent Mn positions in the unit cell.

The resonance field of the strongly exchange-narrowed
ESR line is analogously determined by the first moment of
the spectrum. Here we assume an isotropic g value, because
the influence of the AE interaction can be neglected with
respect to the crystal field.

The DM interaction does not contribute to the resonance
shift, because its first moment vanishes. Hence, the reso-
nance shift is determined by the crystal field alone, and the
straightforward calculation yields the ESR frequency v,

hv)i=
(k) 4gpm

M, i ]?
st oS <D,af;+D;f;—zDgf;>}

Xy

M, P

_ a2 ) _ pw) )

pr— }j} (DY) -DY)+2iDY))

x| > (DY -DY)-2iDY)|. (8)
J

Here M = (gup)*S(S+ 1)H/[3k(T—O(y)] is the mag-
netization per Mn site and ® o= 111 K is the paramagnetic
Curie-Weiss temperature. The crystal-field components ﬁaﬁ
refer to the coordinate system in which the external field
determines the z axis and are related to the components D .4
in the crystallographic system via the usual transformation
rules. The sum over ;j is running over the four inequivalent
Mn positions of the unit cell. The angular dependence of the
resonance field H,.(6,¢) is obtained after substitution of

D, s by D . For the interested reader a more detailed deri-
vation of the above results can be found in Ref. 23.

Note that we also analyzed the effect of an anisotropy of
the g factors. As a rule they are slightly different: g,
F Zrxs&yy - 16 This anisotropy also produces an effect in the
angular dependence of the linewidth and the resonance field.
For Mn®* and Mn*", however, this anisotropy is usually
smaller than (g —g,)/g<0.5%, even in the presence of a
crystal field of the order of D=1 K.** This g-factor anisot-
ropy results in a field anisotropy with an amplitude smaller
than 20 Oe, which is about 10% of the effect observed at 200
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FIG. 2. Angular dependence of the ESR linewidth AH (upper
frame) and resonance field H,., (lower frame) in Lag ¢5Sry osMnO;
for the magnetic field applied within the three crystallographic
planes at 200 K. The solid lines represent the fit with Egs. (4) and
(8), respectively.

K. Concerning the anisotropy of the linewidth it accounts for
only about 0.01% of what we observe experimentally.

III. DATA ANALYSIS AND DISCUSSION

As is shown in Fig. 2, at 200 K the resonance field and
linewidth data can simultaneously be fitted for the three crys-
tallographic planes by the contributions of CF and DM inter-
actions only, without any additional parameters such as, e.g.,
a residual linewidth.

The superexchange integral J was estimated in mean-field
approximation from the Curie-Weiss temperature O cy
=C(4J,.t2J;,) with ferromagnetic in-plane coupling J,. to
four neighboring Mn ions and antiferromagnetic interplane
coupling J,, to two neighboring Mn ions and the Curie con-
stant C=S(S+1)/3ky (kg is the Boltzmann constant). As-
suming —J,.=J,=J and inserting S=2 (Mn>") and Oy
=111 K," we obtain J=14 K. Both DM and CF interac-
tions are of equal order of magnitude, about 1 K. The DM
interaction, d;=1.00(5) K, along the antiferromagnetically
coupled b axis is about four times larger than d,
=0.26(3) K within the ferromagnetically coupled ac plane.
The absolute values of the crystal-field parameters D
=0.61(3) K and E=-0.58(3) K are of nearly equal
strength indicating comparable axial (D) and rhombic (E)
distortions of the MnOg octahedra.

The angular dependence of the resonance linewidth at 300
K is well fitted with similar but slightly larger parameters
[di=1.00(5) K, d1=0.30(3) K, D=0.73(3) K,
E=-0.63(3) K] in Fig. 3, where we additionally visual-
ized the angular dependence of both DM and CF contribu-
tions.
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FIG. 3. Angular dependence of the ESR linewidth AH in
Lag 95S1posMnO; for the magnetic field applied within the three
crystallographic planes at 300 K. The solid lines represent the fit
with Eq. (4). The lines below illustrate the contributions of CF and
DM interactions, respectively.

The angular dependence of the resonance field at 300 K
(not shown in Fig. 3) varies within the field range 3380
<H <3480 Oe, but suffers strongly from the onset of the
skin effect due to the higher conductivity as compared to 200
K.'° The skin effect produces an additional asymmetry of the
ESR spectrum, which depends on the orientation and shape
of the sample. In the case of large linewidths, the resonance
field and asymmetry parameter exhibit a strong feedback on
each other, which allows to fit the same spectrum by differ-
ent sets of parameters. Only the linewidth remains stable.
Within the ab and bc planes the change of asymmetry is
directly correlated with an additional modulation of the reso-
nance field. This is already slightly visible in the resonance
field data at 200 K but becomes quite dominant at 300 K, and
hence makes a description with Eq. (8) impossible.

As the derivation of the linewidth was carried out in the
high-temperature limit (7> 0 ¢y), where it approximates an
asymptotic value AH (%), we have to take into account that
the fit parameters D, E, d,, and d, should reflect the tem-
perature dependence. According to Huber er al.!' far apart
from any magnetic or structural transitions, the temperature
dependence can be approximated by the quotient of the
single-ion Curie susceptibility and the experimental Curie-
Weiss susceptibility as

o
MAH(oo). 9)

AH(T)=—
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Taking into account that the square of CF and DM param-
eters appears in the formulas for the second moment, we can
extrapolate these parameters for 77— via the square root of
Eq. (9). Using the data at 300 K, which is far above magnetic
order, we have to multiply the parameters by a factor of 1.26
and get D()=091 K, E(»)=-0.79 K, d(*)
=1.26 K, and d,(*)=0.38 K. Comparing the values at
200 K, one expects a reduction of the parameters by approxi-
mately 15% with respect to 300 K. Indeed, this is well ful-
filled, despite the onset of the critical behavior on approach-
ing magnetic order at 140 K; only d; remains unchanged.

The equations for the resonance field already contain the
temperature dependence within the magnetization M(T). For
this reason it would be better described by the high-
temperature values of the CF parameters than by the
temperature-dependent ones, which is the case at 200 K. Due
to the rather large uncertainty in the determination of the
resonance field and the proximity of the critical temperature
region, this discrepancy is not assumed to be of significant
importance. Thus, at 300 K the amplitude of the uncorrected
resonance-field anisotropy is nicely reproduced by the high-
temperature values of the CF parameters as H™>—H™"
=95 Oe.

The strength of CF and DM interaction was independently
determined from orientation-dependent magnetization data,?
measured at 4.2 K in a Lag 9551 osMnOj; single crystal of the
same batch as used in our ESR experiments. In combination
with antiferromagnetic-resonance measurements, it was
shown there that the ground state (7<<TYy) exhibits a canted
antiferromagnetic structure, which rules out any phase sepa-
ration in ferromagnetic and antiferromagnetic regions.
Within the two-sublattice model Pimenov et al. obtained (af-
ter translation to our Hamiltonian in units of K) the follow-
ing parameters from the magnetization data:*> J=13.2 K,
K.=—2E=093 K, K,=D—-E=095K, ad G
=sin(155°)d;=1.18 K. These results are in good agree-
ment with our findings, as the values of the CF parameters
D=0.48 Kand E=—0.47 K are essentially equal. The DM
contribution is of similar strength, where d, was neglected.
Thus, we could confirm the validity of their model from a
microscopic point of view.

ESR studies by Huber efal'' in LaMnO; and Tovar
et al."® in the series LaMnOs, 5 revealed values comparable
to our parameters. For pure LaMnOj;, they used the CF pa-
rameter D=1.92 K determined by Moussa ef al. from
neutron-scattering experiments’® and estimate the DM con-
tribution as d~0.8 K. For an oxygen excess 6=0.03 with a
transition  temperature 7;;=600 K  comparable to
Lay 9551y osMnO3, the CF parameter D is found to be about
20% smaller than in the pure compound, whereas the DM
interaction remains essentially unchanged at d~0.8 K.
Though these data were measured in polycrystalline samples,
where no distinction between axial (D) and rhombic (E) CF
parameters and the interplane and intraplane DM interaction
could be made, their results agree with ours within a factor of
2.

The fact that the two CF parameters are of comparable
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strength is of particular importance for the picture of orbital
order in LaMnOs. Considering the equal contributions of D
and £, we conclude that the simple picture of ordering of
ds.2_,2 orbitals has to be modified as it results in £=0, in
contradiction to our findings. In a local coordinate system the
orbital of the e, electron is a superposition ¢, ,
=cl¢3zz,,ziczq§xz,yz,27 where ¢;~0.8 and ¢,~0.6 de-
note the orbital mixing coefficients down to lowest tempera-
tures as reported by Rodriguez-Carvajal et al.” on the base of
neutron-diffraction studies. Matsumoto?’ found Eox—c;c,
and Dxci—c3 in second-order perturbation theory. This
simple approach qualitatively confirms our results, as not
only the sign of our parameters is reproduced but also both
orbital-mixing coefficients must not be negligibly small in
order to explain the observed rhombic CF parameter £. From
the neutron-diffraction data one can estimate from tan 6/2
=c¢,/c, the orbital component as #=106° in comparison to
0= —59° and —56°, estimated by using E/D= 1/4/3 tan 6
(Ref. 16) from our results at 200 K and 300 K, respectively.

Very recently Tobe e al?® reported a discrepancy be-
tween the anisotropy of the optical spectra in pure LaMnO;
and the orbital component of #~ 108° as determined from c;
and ¢, by neutron scattering. The authors explain this devia-
tion within a simple p-d transition model using an additional
d-d character of the transition. Considering our value of 6
~ —60°, their model gives a ratio of /.//,,=0.4 instead of
1.2 for 6~108°. Thus, we conclude that one can explain
their experimental ratio of 0.6 without invoking a d-d char-
acter and, therefore, a value of ~ —60° holds for a more
consistent picture of the properties of LaMnOj.
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IV. CONCLUSION

We have performed a systematic investigation of the an-
gular dependence of the paramagnetic resonance in the Jahn-
Teller distorted orthorhombic phase in Lagg5Sr)osMnOs
single crystals. We have also presented a comprehensive
analysis for the resonance linewidth in the high-temperature
approximation, which takes into account the microscopic ge-
ometry of the four inequivalent Mn positions in the ortho-
rhombic unit cell based on the structural data determined for
LaMnO; by Huang ef al.'* The crystal-field parameters for
all Mn positions and the Dzyaloshinsky-Moriya interaction
for nearest-neighbor Mn ions along the b axis as well as in
the ac plane were successfully extracted as D(%)
=091 K, E(»)=-0.79 K, d(*)=1.26 K, and d,(»®)
=0.38 K. These findings shed new light on the microscopic
picture of orbital order and the spin-spin interaction in these
compounds.
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