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Using measurements of resonant x-ray scattering from a LaMnO3/SrMnO3 superlattice grown on

SrTiO3(001), we present experimental evidence for the enhancement of the Jahn-Teller distortion

by magnetic ordering in manganites. With a specially tuned periodicity of the superlattice,

scattering due to the Jahn-Teller (JT) distortion is separated from charge and magnetic scattering.

The measured JT distortion is markedly enhanced upon the emergence of magnetization and

strongly correlated with the spin ordering in the superlattice. Such strong correlation reveals the

nature of electron-electron interaction for orbital ordering in manganites. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3691946]

Understanding of the interplay between spin, charge, and

orbital degrees of freedom is important to engineer the emer-

gent physical properties transition-metal compounds.1 Perov-

skite LaMnO3 is a prototypical example showing cooperative

Jahn-Teller (JT) distortions and orbital ordering. Two mecha-

nisms have been proposed to explain the orbital ordering in

manganites: electron-phonon coupling2 and superexchange

interaction.3 The electron-phonon coupling can cause the JT

distortions first,4–6 and the orbital polarization is further

enhanced by Coulomb repulsion.7 In the second scenario, the

many-body superexchange interaction, originating from the

degenerate eg orbitals, drives the orbital ordering and in turn

leads to JT distortions.8–10 To reveal the origin of orbital

ordering in manganites, it is decisive to investigate the corre-

lation between JT distortion and spin ordering, which is only

remotely related to the electron-phonon interactions. Such cor-

relation in most systems is obscured by other and more pro-

found magnetic effects, so is difficult to observe.

L-edge resonant x-ray scattering of transition-metal

compounds provides an effective means to resolve this

conundrum.11–13 With a synthetic superlattice, one can sepa-

rate the contribution of orbital ordering in resonant x-ray

scattering from that of charge scattering. Because the cross

section of charge scattering of x-rays scales with ð�1 � �2Þ2 in

which the polarizations of incident and scattered x-rays are

�1 and �2, respectively, the cross section of charge scattering

can be strongly suppressed by suitably tuning the angle

between �1 and �2. Such control is possible in artificial super-

lattices. The relative contribution of orbital scattering thus

becomes separated.

In this letter, based on the measurements of resonant

soft-x-ray scattering, we report the temperature dependence

of the magnetic structures and the JT distortion in a

(LaMnO3)n/(SrMnO3)n superlattice with n being the perio-

dicity. To suppress the contribution of charge scattering, we

tuned the superlattice such that the scattering angle 2h is

close to 90�, e.g., n¼ 4. The JT distortion is correlated with

the magnetic order and follows a similar dependence on tem-

perature. Although the local JT distortion is likely due to the

electron-phonon interaction, our measurements provide evi-

dence for many-body origin of the orbital ordering in

manganites.

The (LaMnO3)4/(SrMnO3)4 superlattice was epitaxially

grown by pulsed laser deposition on a SrTiO3 (001) substrate

cut with a surface normal tilted by 0:3� toward the a axis,

and the repetition for the superstructure was 30. The soft-x-

ray scattering measurements were performed by using the

beamline 05B3 of the National Synchrotron Radiation

Research Center, Taiwan. The scattering plane in which mo-

mentum transfer q lies is defined by the a and c axes, i.e., q
¼ ðqa 0 qcÞ in units of ð2p

a
2p
a

2p
KÞ, in which a¼ 3.905 Å is

the lattice parameter of the substrate and K is the periodicity

of the superlattice, i.e., K � 8a. The electric vector of inci-

dent soft x-rays is switchable to be parallel (perpendicular)

to the b axis, i.e., r (p) polarization.

The inset of Fig. 1(a) illustrates the projection of the

superlattice onto the scattering plane and shows that the mag-

netic modulation vector QM is not parallel to that of the super-

lattice structure QL. In comparison with measurements of

other manganites,12,14,15 the energy scans plotted in Fig. 1(a)

indicate that magnetic scattering prevails at energy 640.5 eV

at which the scattering from the superlattice structure with q
¼ ð0 0 2Þ is strongly suppressed, because 2h¼ 75.9�. Figure

1(b) maps the two-dimensional distribution in the qaqc plane

taken with 640.5-eV x-rays at 80 K. We found two modula-

tion vectors ð�0:0021 0 1:610Þ and ð�0:0020 0 2:087Þ,
denoted as Q1.5 and Q2, respectively, corresponding to

ð0 0 3
2
ÞM and ð0 0 2ÞM of a superlattice grown on a non-

miscut substrate; subscript M denotes that QM is expressed in

units of ð2p
a

2p
a

2p
K0
Þ with K0 being the periodicity of a perfect

superlattice, i.e., K0¼ 8 a. The energy scans with QM resem-

ble closely those of magnetic scattering of other manganites;a)Electronic mail: djhuang@nsrrc.org.tw.
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these modulation vectors are hence of magnetic origin. In

addition, as shown in Fig. 1(c), the scattering intensity with

QM vanishes above the Néel temperature (TN) of SrMnO3,

lending further support for its magnetic origin.

Temperature-dependent measurements of magnetic scat-

tering plotted in Fig. 2(a) show magnetic transitions of the

LaMnO3/SrMnO3 superlattice. As the temperature decreases,

the scattering intensities of the half-order QM (Q1.5 and Q2.5)

begin to emerge at TN1 ¼ 220 K, whereas those of Q2 and Q3

appear at a TN2 ¼ 198 K. The clear disparity between the two

transitions provides incontestable evidence for two distinct

magnetic orders in the superlattice. In addition, the in-plane

resistivity of the superlattice exhibits a crossing from insulat-

ing to metallic behavior16,17 at TMI ¼ 250 K, and the magnet-

ization M measured with a superconducting quantum

interference device (SQUID) under a magnetic field 0.05 T

appears at TMI, as plotted in Figs. 3(a) and 3(b). These obser-

vations indicate that, upon cooling across 250 K, the magnet-

ization of the superlattice without interlayer coupling develops

before the formation of three-dimensional AFM ordering.

To understand the observed magnetic transitions of the

superlattice, we propose the following scenario. The onset

temperature of the superlattice magnetism is 250 K. Between

250 and 220 K, there is no interlayer magnetic coupling and

the most likely is the existence of interfacial magnetization

for lack of magnetic peaks in the scattering measurement. As

the temperature is cooled across 220 K, the existence of half-

order QM implies an antiferromagnetic alignment or a fluctu-

ation in the magnitude of the net magnetization. Such a mag-

netization results probably from the magnetic coupling in

SrMnO3, because bulk LaMnO3 and SrMnO3 are A- and G-

type AFM insulators with the Néel temperatures 140 and

233 K, respectively. With the further decrease of temperature

across 198 K, the magnetization of LaMnO3 produces the

onset of the integer QM peaks.18,19

After establishing the magnetic transition, we examined

the influence of magnetization on JT and orbital orderings by

choosing the periodicity K � 8a to suppress charge scatter-

ing as illustrated in Fig. 4(a). Because ð�1 � �2Þ2 ¼ 0:059 for

p polarization, the resonant scattering of q ¼ ð0 0 2Þ

FIG. 1. (Color online) (a) Energy scan of resonant soft-x-ray scattering

about the Mn L2;3-edge with q fixed at QL, Q1.5, and Q2. Inset: illustration of

the projection of the superlattice onto the scattering plane. (b) and (c) Inten-

sity map of magnetic scattering in the qaqc plane measured with 640.5-eV

x-rays at 80 and 240 K. QL, Q1.5, and Q2 are, respectively, ð0 0 2Þ,
ð�0:0021 0 1:610Þ, and ð�0:0020 0 2:087Þ in units of ð2p

a
2p
a

2p
KÞ.

FIG. 2. (Color online) Temperature-dependent measurements of magnetic

scattering with varied QM. Q1.5, Q2, Q2.5, and Q3 are, respectively, ð�0:0021

0 1:610Þ; ð�0:0020 0 2:087Þ; ð�0:0024 0 2:604Þ, and ð�0:0023 0 3:104Þ in

units of ð2p
a

2p
a

2p
KÞ.

FIG. 3. (Color online) (a) In-plane resistivity q recorded with magnetic

fields 0 and 9 T and magnetoresistance (MR) vs. temperature. (b) Tempera-

ture dependence of x-ray magnetic scattering with Q1.5þQ2 and magnetiza-

tion obtained with a SQUID magnetometer using in-plane magnetic field

0.05 T. (c) Temperature dependence of intensity ratio B/A measured with p
polarization and q ¼ ð002Þ, which reflects the JT distortion. Inset: plots of

energy scan recorded at various temperatures.
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measured at the Mn L3-edge with p polarization is dominated

by orbital/JT scattering. The presence of two peaks at 639

and 642 eV in the energy scan plotted in Fig. 4(b), labeled A

and B, respectively, fully agrees with atomic multiplet calcu-

lations. As shown in Fig. 4(c), Castleton and Altarelli20 con-

cluded that peak A arises from orbital ordering and is

insensitive to the JT distortion, whereas peak B is due to

transitions into the split t2g# levels with an intensity that is

instead sensitive to the JT distortion. The intensity ratio

between peaks A and B, thus, yields an experimental means

to assess whether the JT distortion alters across the magnetic

transition of the superlattice.

The inset of Fig. 3(c) plots the L3-edge resonant soft x-

ray scattering of q ¼ ð0 0 2Þ measured with p polarization at

various temperatures. To capture the correlation between JT

distortion and spin ordering, we compare the temperature

evolution of ratio B/A plotted in Fig. 3(c) with those of mag-

netic scattering, in-plane resistivity, and magnetization M.

Ratio B/A exhibits a strong enhancement at the onset of the

magnetization, providing direct evidence of strong correla-

tion between the global JT distortion and spin ordering in the

superlattice.

The observation of the enhanced JT distortion with spin

ordering reveals its many-body origin, as the spin order is

driven mainly by the electronic correlations. A plausible sce-

nario for the cooperative JT distortion thus emerges: electron-

phonon interactions cause local JT distortions, but they rely

on both electron-electron and electron-phonon interactions to

achieve global alignment. This picture explains why the local

JT distortions persist at high temperatures at which both spin

and orbital orderings are absent. It also justifies the correlated

enhancement of JT distortion across the transition tempera-

tures of spin and orbital orderings.
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