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The variation of electronic states and structural distortion in highly compressed multiferroic TbMnO5; was
probed by x-ray diffraction (XRD) and x-ray absorption spectroscopy (XAS) using synchrotron radiation.
Refined XRD data enabled observation of a reduced local Jahn-Teller (JT) distortion of Mn sites within MnOg
octahedra in TbMnOj; with increasing hydrostatic pressure. A progressively increasing intensity of the white
line in Mn K-edge x-ray absorption spectra of TbMnO; was detected with increasing pressure. The absorption
threshold of Mn K-edge spectra of TbMnOj; is shifted toward higher energy, whereas the pre-edge peak is
slightly shifted to lower energy with increasing hydrostatic pressure. We provide spectral evidence for
pressure-induced bandwidth broadening for mangnites. The enhanced intensity of the white line and the shifted
absorption threshold of Mn K-edge spectra are explained in terms of a reduced JT distortion of MnOg octahe-
dra in compressed TbMnO;. Comparison of XAS data with full-multiple-scattering calculations using code

FDMNES shows satisfactory agreement between experimental and calculated Mn K-edge spectra.
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I. INTRODUCTION

Manganese perovskite materials RMnOj; and their deriva-
tives R,A,_MnOj3, in which R is a trivalent rare-earth ele-
ment A divalent alkaline-earth element, exhibit many excep-

tionally interesting phenomena including colossal
magnetoresistance (CMR),!'”>  half-metallic behavior,%’
strong  magnetoelectric ~ coupling,®!'®>  and  phase

separation.!®-20 Magnetoelectric (ME) multiferroics, which
exhibit coexisting magnetism and ferroelectricity with cross
coupling, are being extensively investigated because of the
scientific importance of the electronic origin of magnetoelec-
trics and relevant prospective applications in devices with
new functionalities. The characteristics of magnetoelectric
multiferroics include spontaneous magnetization that can be
switched with an applied electric field, a spontaneous elec-
trical polarization that can be reoriented with an applied
magnetic field via strong magnetoelectric coupling in these
materials. The multiferroicity is observed in such manganites
as TbMnO5, DyMnO;, and TbMn,05.2- The quest to under-
stand the origin of multiferroicity has stimulated a great in-
terest in the magnetic, structural, and dielectric properties of
multiferroic materials.

At ambient pressure and temperature, TbMnO; exhibits
an orthorhombically distorted perovskite structure with
Pbnm symmetry containing a network of corner-sharing
MnOyg octahedron, as illuminated in Fig. 1. The MnOg octa-
hedra in TbMnO; are highly distorted with an average in-
plane Mn-O2-Mn bond angle ~145° originating from the
size mismatch between the Tb** ion and free space at the
center of pseudocubic units.”! The Jahn-Teller (JT) distortion
of the Mn**O¢ octahedra produces three pairs of Mn-O
bonds—one Mn-O1 for apical bonds along the ¢ axis, and
two Mn-O2 for equatorial bonds in the ab plane. In the basal
ab plane, long Mn-O2(l) and short Mn-O2(s) bonds alter-
nate.
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TbMnO; exhibits an incommensurate (IC) lattice modula-
tion at the Néel temperature (Ty=42 K) corresponding to
sinusoidal antiferromagnetic (AF) ordering along the b axis.
The transition to a noncollinear spiral spin configuration (T
~27 K) is accompanied with ferroelectric ordering with a
polarization Plc.® The ME effect is thus closely correlated
with the noncollinear spin configurations induced by a sig-
nificant cooperative Jahn-Teller distortion of MnOg octahe-
dra and a large octahedra tilt angle.?> The JT distortion and
tilt angle of MnQOg octahedra in TbMnO; can become modi-
fied when smaller ions or divalent cations are incorporated
into the rare-earth sites or when a hydrostatic pressure is
applied.?!>3 The effect of a hydrostatic pressure on the
insulator-metal transitions (IMT) and magnetic states of rare-
earth manganites has been observed.”*?° It was proposed
that the variation of electron bandwidth under an external
hydrostatic pressure is a driving force in inducing IMT of
manganites.”> However, spectral evidence for pressure-
induced bandwidth changes in rare-earth mangnites is still in
infancy. The effect of temperature and magnetic field on the
orthorhombic Pbnm perovskite structure of RMnO; (R
=Gd, Tb,Dy) is well studied,>'° but the effect of pressure
on highly distorted multiferroic RMnO; (R=Gd,Tb,Dy) is
less well understood.

X-ray diffraction measurements using synchrotron radia-
tion are widely applied for structural investigation of mate-
rials under high pressure. Besides the sensitivity to modified
electronic structure, the chemical selectivity of x-ray absorp-
tion spectroscopy (XAS) provides insight complementary to
diffraction measurements in the determination of the local
environment around the photoabsorber atom in high-pressure
structures of materials. The K-edge absorption spectra of
transition-metal oxides reveal a strong dependence on the
charge distribution and symmetry distortions of the probed
site in materials.3*-33
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FIG. 1. (Color) Crystal structure of TbMnO;

However, K-edge XAS resolution is eventually limited by
the 1s core-hole lifetime of transition metals of <1.15 eV.
In this study, we employed the resonant inelastic x-ray scat-
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FIG. 2. X-ray diffraction patterns of TbMnOj for the hydrostatic
pressure from ambient to ~26 GPa.
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tering (RIXS)-derived techniques, so-called lifetime broad-
ening suppressed x-ray absorption spectroscopy in the partial
fluorescence yield.* The high-resolution XAS spectra, par-
ticularly in the pre-edge region, provide accurate spectro-
scopic information on the electronic structure of materials
under pressure. Combined with x-ray diffraction, XAS al-
lows one to follow the evolution of the local electronic struc-
ture and crystal structure under high pressure. In this work
we probed the variation of electronic states and structural
distortion in highly compressed multiferroic TbMnO; with
x-ray diffraction and high-resolution x-ray absorption spectra
using synchrotron radiation, and we compared the XAS data
with  full-multiple-scattering calculations using code
FDMNES.%

II. EXPERIMENTAL

Polycrystalline TbMnO; was synthesized with a conven-
tional citrate-gel process. Tb4;O,; and MnO in a stoichio-
metric proportion were stirred and dissolved in aqueous so-
lutions of citric and nitric acids. The solution was heated at
85 °C until a spongy gel formed and then heated at a higher
temperature to obtain dark-colored ashes. After grinding
in a mortar, the dark-colored powder was first calcinated at
600 °C in air to remove organic residues and then further
calcinated at 950 °C in air for 12 h. The crystalline structure
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FIG. 3. (Color) X-ray diffraction patterns for TbMnQOj; (circles)
with their results of Rietveld refinement (red line) and residuals
(blue line) for pressures (a) P=5.8 GPa and (b) P=7.4 GPa. The
first row of the vertical marks at an individual pressure corresponds
to calculated peak positions of TbMnO; and the second row to the
Au reference as a pressure indicator.
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TABLE I. Room-temperature structural parameters for ToMnO3 (Pbnm) at four selected pressures.

P

(GPa) 0 1.0 5.8 7.4
Lattice parameters

a (A) 5.30601(7) 5.29101(5) 5.24279(17) 5.22645(19)

b (A) 5.85387(8) 5.83676(6) 5.76514(18) 5.74384(20)

c (A) 7.41302(10) 7.39636(7) 7.36185(22) 7.34910(25)

Volume 230.353(5) 228.417(8) 222.515(12) 220.619(13)
Atomic positions

Tb(x) 0.98322(22) 0.98298(19) 0.98140(28) 0.98096(30)

Tb(y) 0.08086(13) 0.08088(11) 0.07967(18) 0.07966(20)

Ol1(x) 0.1098(16) 0.1099(14) 0.1185(19) 0.1204(21)

Ol(y) 0.4674(15) 0.4699(13) 0.4665(21) 0.4723(23)

02(x) 0.7094(14) 0.7107(12) 0.7124(17) 0.7143(19)

02(y) 0.3263(12) 0.3259(11) 0.3152(15) 0.3133(17)

02(z) 0.0506(38) 0.0500(7) 0.0517(10) 0.0503(11)
Reliability Factors

R,(%) 4.21 3.76 3.51 3.48

R,,,(%) 5.68 5.00 4.92 4.82

X 0.83 0.68 0.98 1.11

of TbMnO; was verified with synchrotron x-ray powder dif-
fraction. High-quality orthorhombic TbMnO; was used for
subsequent experiments with elevated pressures.

The pressure-dependent Mn K-edge x-ray absorption
measurements were conducted at the Taiwan Beamline
BL12XU of SPring-8 in Japan.® A fine grained powder
sample TbMnO; was loaded in a 150 um diameter hole of a
Be gasket mounted on a Mao-Bell-type diamond anvil cell
(DAC) with 550 um culet size. Silicone oil was served as a
pressure-transmitting medium. The pressure in the cell was
measured through the line shift of ruby luminescence with an
accuracy ~0.1 GPa. The value averaged over the pressures
determined for ruby powder located at various positions on
the sample surface was served as the pressure on the sample.
The incident beam was monochromatized with two Si(111)
crystals and focused to ~16X20 um at the sample using a
pair of 1 m long K-B focusing mirrors. The emitted x-ray
fluorescence was then collected at 90° from the incident x
rays and analyzed with a Si(440) spherically bent analyzer of
a spectrometer (with Rowland circle 1 m radius) arranged on
a horizontal plane. The overall resolution, determined from
the quasielastic scattering from the sample, was about 0.9 eV
full width at half maximum (FWHM). The incident energy
was calibrated with the known Mn metal K-edge absorption
inflection point at 6539 eV. When the pressure was varied,
the detector position was invariably tested with an alignment
scan to confirm that the detector was correctly aligned.

The high-pressure x-ray powder diffraction measurements
were performed at BLOIC2 beamline of the National Syn-
chrotron Radiation Research Center (NSRRC) in Taiwan. An
incident x-ray wavelength 0.4959 A (25 keV), generated
from the superconducting wavelength-shifter beamline using

a Si(111) double-crystal monochromator, was used for XRD
measurements. The as-grown TbMnO; powder was loaded
into the pinhole (diameter 235 wm) of a stainless-steel gas-
ket with Au powder (99.9%, Aldrich) as a pressure indicator.

Methanol-ethanol-water  (16:3:1) was served as a
pressure-transmitting medium, respectively, in a diamond an-
vil for XRD measurements. The XRD pattern was recorded
with a MAR345 imaging plate for a typical exposure dura-
tion ~20 min. The 1D XRD pattern was transformed from
2D diffraction rings using program FIT2D. The diffraction
data were structurally refined with the Rietveld method as
implemented in software package GSAS (general structure
analysis system). An Au powder standard was used to deter-
mine precisely the wavelength and the distance from sample
to detector.

III. RESULTS AND DISCUSSION

Figure 2 displays representative x-ray diffraction patterns
of TbMnO; over the hydrostatic pressure from ambient to
~26 GPa at room temperature. The gradual increase in the
broadening of the x-ray diffraction peaks with pressure is
clearly observed in Fig. 2. Line broadening of the x-ray dif-
fraction peaks with increasing hydrostatic pressures is related
to the reduction in particle size and enhancement of lattice
strains associated with pressure gradients in the samples.’’
Selected x-ray diffraction patterns of TbMnO; at P=5.8 and
7.4 GPa (T=298 K) with their corresponding Rietveld re-
finement are shown in Fig. 3. In the entire range of pressure
up to 26 GPa, the crystal structure of TbMnOj; retains its
initial Pbnm symmetry. Rietveld analysis of the powder dif-
fraction patterns allow us to refine the full crystal structure
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up to ~8 GPa, yielding the lattice parameters and atomic
positions. The structural parameters of TbMnO; calculated
from the diffraction data for four selected pressures are given
in Table I. Satisfactory agreement between experimental data
and their Rietveld refinement is evident from the small val-
ues of reliability parameters R,,,, R,,, and X° shown in Table
I. The values of structural parameters obtained at ambient
pressure agree satisfactorily with those in the literature.?!

To elucidate the pressure-induced structural distortion, we
reproduce in Fig. 4(a)-4(c) the pressure dependence of
Mn-O distances including the apical Mn-O1 distance and
two equatorial Mn-O2 distances, Tb-O distances, and the in-
plane Mn-O2-Mn bond angle, respectively. These values are
calculated from the structural parameters in Table 1. As noted
from Fig. 4(a), the short equatorial bond distance Mn-O2(s)
and the apical Mn-O1 distance remain virtually unchanged
for a hydrostatic pressure less than 8 GPa, the largest effect
being a shortening of the long equatorial bond distance
Mn-O2(I). The average distances of Tb-O1 and Tb-O2 bonds
of the MnOg octahedra decrease almost linearly with increas-
ing hydrostatic pressure, as shown in Fig. 4(b). The in-plane
Mn-O2-Mn tilt angle of two adjacent MnOy octahedra [i.e.,
(180°-Mn-O2-Mn bond angle)/2] decreases monotonically
with increasing pressure, as deduced from Fig. 4(c). This
observation indicates a reduction in the local JT distortion of
the Mn site within MnOg octahedra with increasing hydro-
static pressure.

Figure 5 shows Mn K-edge high-resolution XAS spectra
of polycrystalline TbMnO; collected at various pressures up
to ~30 GPa. The spectra were obtained in partial fluores-
cence yield, with the spectrometer energy fixed at the maxi-
mum of the Mn K3, 5 line. The Mn K-edge XAS spectra of
TbMnOj; consist of two well resolved peaks in the pre-edge
region (labeled P1 and P2) and an intense white line at the
side of higher photon energy (labeled B in Fig. 5). Based on
the polarized 1s3p-resonant x-ray emission spectra (RXES)
at the Mn K edge of TbMnOj single crystals along the three
crystallographic directions, unoccupied Mn 3d states exhibit
a relatively delocalized character as a result of hybridization
of unoccupied Mn 3d states with neighboring Mn 4p
orbitals.?

To ensure a proper assignment of the pre-edge features
labeled P1 and P2 in Fig. 5, we performed band-structure
calculations in a local-density approximation plus on-site
Coulomb interaction U (LDA+U) for hypothetical A-type
AF, E-type AF, and ferromagnetic (FM) structures of
TbMnOj;. The band-structure calculations were performed
using the full-potential projected augmented wave method as
implemented in the Vienna ab initio simulation package
(vAasp) within the local-density approximation plus on-site
Coulomb interaction U (LDA+U) scheme. In the LDA+U
calculations, Coulomb energy U=5.0 eV and exchange pa-
rameter J=0.87 eV for Mn-3d electrons were used.* Fig. 6
displays the partial density of states of Mn projected onto the
ﬁvefold 3d orbitals. Mn 3d bands split into the low-lying ,,
(d,y, d,,, and d,) and high-lying e, orbitals. Through a
strong JT effect, the el band splits into two subbands e T
and egT in TanO3 There is a small indirect gap between
the JT-split Mn egT and egT bands, in agreement with the
experimental observation of an insulating behavior of
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TbMnOs;. P1 in Fig. 5 is ascribed to transitions of Mn 1s core
electrons into unoccupied majority-spin Mn e,| states hy-
bridized with the neighboring Mn 4p states. P2 in Fig. 5 is
assigned as a superposition of transitions into empty
minority-spin 7,,] and e,| states hybridized with the neigh-
boring 4p states. The white line (labeled B in Fig. 5) is
attributed to transitions from Mn 1s to Mn 4p. Feature C in
Fig. 5 results from the multiple-scattering contribution of
MnOg surrounded by eight Tb.

As shown in Fig. 5, the Mn K-edge XAS spectra of
TbMnO; collected at varied pressures exhibit slight modifi-
cations, indicating that the local atomic manganese environ-
ment of TbMnOj5 is not much altered under an external hy-
drostatic pressure up to ~30 GPa, consistent with present
XRD results. As noted, the intensity of white line labeled B
(6555-6565 eV) in Mn K-edge x-ray absorption spectra of
TbMnOs increases progressively with increasing external hy-
drostatic pressure. Besides, the absorption threshold and
peak C of Mn K-edge spectra of TbMnO; gradually shift
toward higher energy, whereas the pre-edge peak labeled P1
continuously shifts to lower energy as a hydrostatic pressure
increases. The pre-edge peak of Mn K-edge x-ray absorption
spectrum of TbMnOj; at P=30 GPa is shifted to lower en-
ergy ~0.3 eV as compared with that at P=1 GPa.

Based on the LDA+U calculations, the occupied e T and
unoccupied e T bands are dominated by ds,2_,2 and dy_
orbitals, respectlvely, in one coplanar Mn ion, whereas they
exhibit predominantly ds2_> and d,2_2 character, respec-
tively, for the other coplanar Mn ion.** TbMnO; hence ex-
hibits a staggered d3,2_,2/d3,2_,2>-type orbital ordering in the
ab plane, 51m11ar to that of YMnO; and LaMnO;.4%*! The
half-filled e T orbitals of Mn3* ions occupy the long
Mn-02(1) s1te prOJected predominantly along the b axis,
whereas unoccupied egT orbitals locate at the short
Mn-O2(s) site projected predominantly along the a axis. Al-
ternating long Mn-O2(/) and short Mn-O2(s) distances in the
ab plane of the structure in TbMnOj5 are a precursor of or—
bital ordering. The splitting of the egT orbitals in the t2 g
electron configuration of the Mn** ions is therefore closely
related to the JT distortion and the orbital ordering within the
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FIG. 4. Pressure dependence of (a) Mn-O distances including
apical Mn-O1 distance and two equatorial Mn-O2 equatorial dis-
tances, (b) Tb-O distances, and (¢) Mn-O2-Mn bond angle of dis-
torted MnOg octahedra in TbMnOs;.
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FIG. 5. (Color) Mn K-edge high-resolution XAS spectra, col-
lected by the partial fluorescence yield, of polycrystalline TbMnO;
at various pressures up to ~30 GPa. The insets show an enlarged
pre-edge region and near the threshold.

MnOg octahedra in TbMnOs. The highly distorted MnOg oc-
tahedra and orbital ordering in TbMnO; leads to the highly
anisotropic Mn-O bonding within the ab plane, and in turn to
the frustrated magnetic ordering caused by the competitions
of the ferromagnetc nearest-neighbor (NN) superexchange
interaction and the antiferromagnetc diagonal next-nearest-
neighbor (NNN) superexchange interaction in b direction, in
particular spiral spin structures, responsible for their multi-
ferroic behavior in TbMnQO;.?2

As shown in Fig. 4, the pressure effect is most pro-
nounced for the long equatorial distance Mn-O2(/) that re-
lates to the larger compressibility along the b axis under
pressure. The compressive anisotropy of MnOg octahedra
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FIG. 6. (Color) Partial densities of states of Mn projected onto
fivefold 3d orbitals for a hypothetical A-type antiferromagnetic
structure of TbMnOj5 calculated with the LDA+ U method. The pa-
rameters in these calculations are described in the text. For each
panel the upper half denotes the majority and the lower half the
minority-spin states. The energy zero is at the Fermi energy (E/).
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FIG. 7. (Color) Mn K-edge XAS spectra of TbMnOs with var-
ied hydrostatic pressures simulated using code FDMNES for cluster
radius R=5 A. The insets show an enlarged pre-edge region and
near the threshold.

with hydrostatic pressure in TbMnOs should lead to redistri-
bution of the density of states. The electronic bandwidth of
e,| orbitals is a particularly important parameter for deter-
mining the complicated properties of manganites, such as the
bandwidth-driven transition from insulator to metal.>>*> The
bandwidth of the e,T orbitals in maganites is characterized
by the overlap between the Mn 3d and O 2p orbitals and is
highly correlated with the local atomic structure of MnOg
octahedra including the equatorial Mn-O2 distances and the
in-plane Mn-O2-Mn tilt angle.*} As confirmed by the present
XRD measurements, an observed decrease in equatorial
Mn-O2 distances and the decreasing octahedral Mn-O2-Mn
tilt angle under hydrostatic pressure both enhance the hybrid-
ization of the Mn 3d and O 2p orbitals and hence broaden
the electronic bandwidth of the e,] orbitals in TbMnO,.*3
The unoccupied e, state is expected to be shifted toward the
Fermi level, mediated by increased electronic bandwidth of
e, 1 orbitals in TbMnO; under an external pressure.>* The
pre-edge peak P1 originating from transitions of Mn ls core
electrons to unoccupied Mn 3d(egT) states is accordingly
gradually shifted toward lower energy when a hydrostatic
pressure is applied, as evident in Fig. 5.

The polarization-dependent Mn K-edge x-ray absorption
spectra of TbMnOj; single crystals exhibit a significant an-
isotropy along the three crystallographic directions Ella,
Ellb, and Ellc, particularly for the white-line region.?® A sig-
nificant energy shift to lower energy ~2.4 eV is observed
for the maximum of the white line of the Mn K-edge spec-
trum obtained along Ellb relative to Ella and Ellc, indicating
a highly anisotropic Mn-O bonding within the ab plane in
TbMnO; and relatively weak covalency along the b axis, as
supported by present XRD results. The origin of this energy
difference is attributed to the JT distortion and orbital order-
ing of MnOg octahedra in TbMnO;.** When the long equa-
torial bond distance Mn-O2(I) projected predominantly
along the b axis is greatly decreased with increasing hydro-
static pressure and becomes nearer the short equatorial bond
length Mn-O2(s) projected predominantly along the a axis,
as evident in Fig. 4(a), the absorption edge of Mn K-edge
spectrum for Ellb of TbMnOj; gradually shifts to higher en-
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ergy. The separation for the maximum of the white line of
the Mn K-edge spectra between Ellb and Ella of TbMnO;
becomes smaller due to a reduced JT distortion of TbMnO4
under an external hydrostatic pressure. An increased overlap
between the E|lb spectrum and the Ella spectrum under pres-
sure consequently generates an increased white-line intensity
of Mn K-edge spectra of polycrystalline ThbMnO;.4

Based on the structural parameters at various pressures in
Table I, the Mn K-edge XAS calculations of TbMnO; were
performed by the FDMNES code.® In the present XAS simu-
lation, muffin-tin (MT) full-multiple-scattering (FMS) ap-
proach was applied with a cluster radius R=5 A. The FMS
calculations were performed using the MT potential con-
structed from 10% overlapped MT spheres of the radii. Fig-
ure 7 shows simulated Mn K-edge XAS spectra of TbMnO;
with varied hydrostatic pressures. An increase in the white-
line intensity with increasing pressure is clearly observed. As
shown in insets of Fig. 7, the absorption threshold of simu-
lated Mn K-edge spectra of TbMnOj is shifted toward higher
energy, whereas the pre-edge peak becomes shifted to lower
energy with increasing pressure. The experimental and cal-
culated Mn K-edge spectra agree satisfactorily.

IV. CONCLUSION

The variation of electronic states and structural distortion
in highly compressed multiferroic TbMnO; were probed by
combining the measurements of synchrotron x-ray powder
diffraction and high-resolution x-ray absorption spectroscopy
in the partial fluorescence yield. The Jahn-Teller distortion
and orbital ordering within the MnOg octahedra in ortho-
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rhombic TbMnOj; produce a long equatorial bond Mn-O2(1)
and a short equatorial bond Mn-O2(s) in the basal ab plane.
The short equatorial bond distance Mn-O2(s) and the apical
Mn-Ol1 distance remain virtually unchanged for a hydrostatic
pressure less than 8 GPa, the largest effect being a shortening
of the long equatorial bond distance Mn-O2(/). The in-plane
Mn-O2-Mn tilt angle of two adjacent MnOg octahedra de-
creases monotonically with increasing pressure. Based on
these XRD results, a decreased local JT distortion of Mn
sites within MnOg octahedra in TbMnO; was observed with
increasing hydrostatic pressure. The intensity of the white
line in Mn K-edge x-ray absorption spectra of TbMnO; in-
creases progressively with increasing pressure. The absorp-
tion threshold of Mn K-edge spectra of TbMnOj shifted to-
ward higher energy, whereas the pre-edge peak slightly
shifted to lower energy with increasing hydrostatic pressure.
We provide spectral evidence for pressure-induced band-
width broadening for mangnites. The enhanced intensity of
the white line and the shift of the absorption threshold of
Mn K-edge spectra are attributed to the reduced Jahn-Teller
distortion of MnOg octahedra in TbMnO5; when a hydrostatic
pressure is applied. Comparison of XAS data with full-
multiple-scattering calculations using code FDMNES shows
satisfactory agreement between experimental and calculated
Mn K-edge spectra.
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