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1.Introduction to RXS

2. TbMn205



X-ray scattering
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Scattering for periodic lattice modulation
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Resonant scattering
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schematics depicting the resonant scattering process
emphasizing the spin polarized magnetic scattering process



2"d order perturbation
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For spiral magnetic moments
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a multiferroic TbMn,Ox
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Figure 1 Coupled dielectric and magnetic properties at phase transitions.
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N. Hur. et al., Nature 429, 392

-T 1~ 43K, AFM orders, ICM phase
- T_cl~ 38K, ICM to CM phase transition,
Spontaneous polarization developed.
Pbam =>» Pb2,m ; Non-centrosymmetric group
I. Kagomiya et al. Ferroelectrics 286, 167 (2003)
No crystallographic evidence yet
- T_c2 ~ 24K, CM to re-entrant ICM phase transition

Dielectric anomaly, rapid drop of polarization

| - T<T_c2, Polarization reversal by applying H-field

- T~ 10K, known as Tb ordering temperature

Spontaneous polarization rises up.



Issues

o Origin of ferroelectricity and lattice modulation
Inverse D-M interaction or exchange striction

o Symmetry lowering to non-centrosymmetric space group (?)
check the emergence of forbidden Bragg peak (2n+1 0 0)

o« Rolesof Mn3* Mn4* Th

resonant scatteri ng



Lattice and Magnetic Modulations
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Magnetic x-ray scattering allows simultaneous measurements
of both modulations with higher g-resolution.



Temperature dependences of g’s

0.510
0.505

T T T T T I E

N

|1

0.500 E—m-r—:

0.495 ] d. = 2q,, holds below T\ .

. 0.490 By = Exchange striction
0.485 :

0.34
0.33 |
0.32
0.31
0.30 | i ,
029 f | | 11 Itconfirms Noda group’s results of
0.28 | . .

027 f | g | combined neutron and x-ray exp.
0.26 | | | [ ]

0.25 [—-4 —-- -L 4
0.24 bl . M 3
5 10 15 20 25 30 35 40 45
Temeperature (K)

(27/a)

q (2n/c)




Onset of Ferroelectricity and Symmetry Lowering
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Crystallographic evidence

for the origin of the Ferroelectricity
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- atomic displacements due to exchange striction

=>» lattice modulation peaks

= emergence of forbidden Bragg peak : a-axis displacements

=>» spontaneous polarization

. b-axis displacements

P, I(300) e

result from the same
atomic displacements



T- dependences of the LT-ICM lattice modulation
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Different T-dependences
=>» A single magnetic order cannot generate the T- dependences of all 4 peaks.
= Multiple magnetic orders with different T- dependences.

consistent with neutron scattering on magnetic peaks.



Neuton scattering results
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J. Koo et al, J.Korean Phys. Soc. 51, 562 (2007)



T-dependence of neutron scattering intensities
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T-dependences of ICM magnetic peak intensities
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Soft x-ray scattering chamber at PLS

2A (EPU6) Beamline Spec. o B | Cryostat

- Tunable photons energy : 90 ~ 1500 eV B e 0 [ 11t

- Resolving power : 5000 ~ 10000 g 1| ™ - -
- Linear/Circular polarization : 98 / 95 % Manipulator
- Beam size: 1 mm X 0.2 mm

(X.5.2)

¥

Description of scattering chamber

- Base & working pressure: ~ 1019
- Torr Available 6/20 angle: 0 ~ 180 deg. -
Cooling and heating temperature: 12 ~ 450K -0
LEED and e-beam evaporator
- XAS and XMCD by TEY & FY-mode (available)

More detail of chamber

- Detector : Au/GaAsP Schottky diode
(output is fed into a current to voltage amplifier)
- Angular resolution: 0.01deg
- Diffracted beam (Q) resolution: 0.007 A-!

Mounting of chamber at EPTU6



Schematic picture of scattering chamber
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Inside of Soft x-ray scattering chamber
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LaSr,Mn,0; single crystal

Intensity [arb. units]

- double layered perovskite

- reference: PRL 91,167205,
(2003) ’
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T- dependences of ICM magnetic modulation Peaks
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Presence of several magnetic orders

=>» different T-dependence under the frustrated geometry

= phase slipping, discommensuration

=» answer to low-T CM-> ICM transition ?



Discommensuration

3 n-2, n-1,” n n+1, n+2, n+3 : .. h+m, n+m, n+m, n+m
n | m -2 -1 +1

due to phase slip or
anti-phase domains

discommensuration g = q¢y, + 1/(n+m)



Discommensuration under frustrated configuration

competing interactions in ab - plane

CM configuration q,, = (0.5 0 0.25), ++, P//+Db
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across the anti-phase domain wall

competing interactions in ab - plane

CM configuration q,,, = (0.5 0 0.25), -+ P// -b

Chain1 +
S
P//-b 2 spin directions
Chain2 - <= of chain 2 are
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Quantitative calculation of structure factors
with anti-phase domain walls

e Mn 3+ =7 Mn 3+ displacement
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Helicoidal spins ?
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FIG. 5. (Color online) Magnetic structure of YMn,O5 projected
in the bc plane and showing only the Mn** moments. The figure
shows the small helicoidal modulation generated by the out-of-
phase ¢ component. To highlight this weak modulation, the mo-
ments have been scaled by a factor of 5 with respect to what rep-
resented 1n the other ficures.

Vecchini et al. PRB 77, 134434 (2008)




TbMn,O, configuration

(1/2 0 1/4)

Ophoton—=21.94°

O O, 0,=57.2°
0,=32.8°

+0, WY=0° configuration

a=732A b=852A,c=568A



T=7K, ICM+ & ICM- / +6 & -0 configurations
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Role of Tb ions
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Coupling between lattice and Th-moments
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FIG. 4: Temperature dependence of the b axis Th phonon
frequency. In the inset the full temperature range is plotted.
We observe softening below = 150 K and then hardening, back

when it becomes AFM. There 15 also additional hardening
below the 23 K transition.

R. Valdes Aguilar et al.
PRB 74, 184404 (2006)
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Th moments increase
monotonically as
lowering temperature.



FWHM (%)
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another indication of coupling between lattice and Tb
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-Below 10 K, anomalies of FWHM at (300) and (400) are observed

= might be due to another magnetic ordering of Th

=>» also reflected in dielectric constant measurement (Fig.7 (b))

and heat capacity measurement (ref. N. Hur, Nature)
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Summary

In the CM phase, exchange striction between Mn ions is the driving
mechanism for ferroelectricity.

-Q. = 2qm

- emergence of forbidden peak (3 O O) below T,

- same temperature dependence of |3, , I, and P2

LT-1CM transition : discommensuration process
- frustrated geometry & different T-dependence of magnetic orders
- abrupt changes of q,,,, P and | 34, are consistent with
discommensuration by anti-phase domain walls.
- LT-ICM phase consists of CM domains separated by the domain walls.

At low temperature, large Tb orders dominate.
- lock-in of g
- polarization is controlled by Tbh moments through coupling between
lattice and the moments.
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