Synchrotron Radiation Spectroscopy of
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Oxides and Buried Magnetic Interfaces—
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"Instrumentation and detectors
=*Multiple spectroscopies applied to CMR manganites
=X-ray standing wave studies of buried interfaces

*Summary and some thoughts for a future APS



The Soft (and Hard) X-Ray Spectroscopies
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MULTI-TECHNIQUE
SPECTROMETER/
DIFFRACTOMETER

_Sample prep.
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MULTI-TECHNIQUE :
SPECTROMETER/ ' > 5-axis
DIFFRACTOMETER (MTSD) F = sample

" manipulator

== Sample prep.
chamber: LEED,
Knudsen cells,
electromagnet,...

Soft x-ray
spectrometer

Permits using all relevant soft x-ray spectroscopies on a single sample:
PS, PD, PH; XAS (e- or photon detection), XES/RIXS in MCD, MLD



Next Generation Detection: ALS High-Speed Detector

Ceramic
substrate 768 collector

strips

Amplifier/discriminator chip
- (CAFE-M) from HEP

Buffered multichannel
counter chip (BMC)
Microchannel

plates e, hv

*Basic specifications:

- 768 channels along one dimension

- ~75 micron spatial resolution

- >2 GHz overall linear count-rate—
100-1000x faster than present

- spectral readout in as little as 200 us—
time-resolved measurements

- programmable, robust

*Operating since July, 2003, improvements
underway: HV insulation, memory buffering




ALS High-Speed Detector: Some First Data

Photoelectron Diffraction from NiO(001)

Intensity (arb. units)

. NiO O-1s PES N
= 1 secC.
® 50 msec.

Intensity (arb. units)

550 540 530 520 510
Binding Energy (eV)

+

'—.— 5b msec'.
- 1 sec. -

50 100 150 200 250 300 350

Azimuthal Angle (deq.) .

~150 spectra

Total 2 min. @ 50 msec/spectrum
—7 sec. without CPU
process time.

With future data buffering:

— 30 ms total @ 200 ps/spectrum

—>Time-resolved PS studies of magnetic nanostructures?




Direct Observation of Electronic Structure Changes and
Polaron Formation on

Going Above the Curie Temperature in
La, Sr,MnO; Colossal Magnetoresistive Oxides

Norman Mannella'?, A. Rosenhahn?, C. H. Booth?3,
S. Marchesini?, B.S. Mun'?4, S.-H. Yang?, J. Guo*, M. W. West?,
A. Mei?, Y. Tomioka>, Y. Tokura®, K. Ibrahim®, E. Arenholz?4, A.
Young?, B. Sell’-2 A. Nambu#47, M. Watanabe?, S. Ritchey'?, J
Chen?®, A. Navrotsky®, M. A. Van Hove?,
Z. Hussain?, and C.S. Fadley'-?

%
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Temperature-dependent study of the electronic structure of
cleaved/fractured single crystals of
La, Sr,MnO;(x =0.3, 0.4)
using core and valence photoemission,
x-ray absorption, x-ray emission and

x-ray extended fine structure spectroscopies
Mannella et al.,
Phys. Rev. Lett. 92,
166401 (2004)



Some key questions

Changes in the electronic structure on passing T.?

Jahn-Teller instabilities —
electron localization effects via polarons?

Short-range magnetic order vs. long-range magnetic order?

Phase separation/Griffiths phases?

Couplin? of charge, spin, orbital occupation,
attice (Jahn-Teller, strain),?

Effects on conductivity, heat capacity, ...?

Properties of interfaces in multilayers, other nanostructures?
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Surfaces fractured in UHV:
Very stable via XPS



The Soft X-Ray Spectroscopies
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Counts (A.U.)

Core and valence photoemission

La,  Sr,MnO,

O2s Srdp l

>~ /4 |hv =950 eV

x=04
Survey scan )
hv =1253.6 eV

Mn3p /
Mn3s 5
\ \ Srds | o )
/ L/a53 /
VB
<— Multiplets >
La3d Mn 2p & L
Mn-La Auger| 80 40 : 0
Binding Energy (eV)
OkwL
Sr3d] Ladd
/ Srip.& N U
Mn2s Lads] .
Cadp
Sr3s -
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Binding Energy (eV

o = Spectra recorded during temperature-dependent measurements



Multiplet splitting in core levels of transition metal oxides

BE = hv - E,,, = E*(N-1) - E, (N)
H_J

Final Initial
Open shell, state state
net spin S,
L
hv Upon

photoemission,
two possible
final states

“H3s>

The splitting between the two
peaks is given by
AE; ~ (2S, + 1) J*7 3¢ yp3q)
(Van Vleck Theorem)

For the cubic manganites
in simplest doping model,
S,=1/2(4-x) >
AE;¢ ~ [5-X] J°5¢ yg)aq)

e’ intensity

L
. . off
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Increase
of the Mn3s

T splitting-
T reversible
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BE Displacement (meV)
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Temperature dependence of O1s spectra
T =135K

T, =900K

max

“Bulk”
‘Surface”

Photoelectron Intensity (a.u.)
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O 1s--Binding Energy Displacement

vs. Temperature:
Hysteresis cycle for LSMO, x = 0.3
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Temp. dependence of core and VB spectra _

—_ T . =500 K On passing To— T,,:

= Tc=370K e Large increase (=1 eV)

3 /%\’ T=110 K of the Mn3s splitting

> NS e Significant i

= St ingieese

c /%%& : other core levels

9 %%_% X—— e Broadening in VB

= %% %E e Slow hysteresis (hours)

g / t%\x_%v; No shift in E; —
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& —2

2 M 2 &%\,‘_ J VB, 3 e Increase of
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Can spectra be described as mix of two-phases?

Same for O 1s,
other core peaks,
consistent with
two-phase model,
but no info.
on length scale
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Is this a near-surface or a bulk effect ?

— T 110K fotary Low kinetic energy
photoelectrons:
KE ~ 130 eV
A,~5A

—— T=110K (sta
—— T=500K
—— T=130K (end

hv = 652 eV

— T =500 K
= T=130K (end)

hv =212 eV

Counts (A.U.)
Counts (A.U.)

= = T =110 K (start
- T =110 K (start
— T =500 K = T=500K

—  T=130K(end) mgh Kinetic — T=130K(end)
hv = 1000 eV energy
Mn3s photoelectrons:
KE ~ 900 eV
A,~15 A

96 94 92 90 88 8 84 82 80 78 ~ 3 cells
Binding Energy (eV)

hv = 1400 eV

O1s

Counts (A.U.)
Counts (A.U.)

Similar effects at high energy: effect down to at least 30 A




Deeper
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The Soft X-Ray Spectroscopies
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_ Mn XAS (PhOtOI'I___!deteCtiOI'l)
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Possible scenario

Loss of long - range Short - range order
order at T: above T,up to T,

some percolation
#T*: e.g. see Dagotto et al.

Phys. Rev. Lett. 87, 277202 (2001)

Mannella et al.,
Phys. Rev. Lett. 92,
166401 (2004)



CMR Spectroscopy--Summary

La, Sr,MnO,; (x = 0.3, 0.4) single crystals

Dramatic change of the electronic

structure on crossing To—T__,

Direct evidence for charge localization - polarons in the
metallic paramagnetic state: ~1 e- added to Mn

Multiple spectroscopies of varying depth sensitivity
indicate a “bulk” effect,
but hard x-ray photoemission desirable to clarify

Structural evidence for polarons also from EXAFS
Future experiments on multilayer structures of CMRs,
other transition metal oxides, other oxide nanostructures

Mannella et al.,
Phys. Rev. Lett. 92,
166401 (2004)



Intensity (counts)

Photoemission at 5-10 keV to Probe Bulk Properties

and DOSs (Suga et al., Kunz et al., Panaccione et al.,...)

E.g.--First Test of the VOLPE Project at the ESRF:
VOLume Sensitive PhotoEmission
from Solids using Synchrotron Radiation

7000
|h1 = 70T &\ I

G000 |- T=_2=1"J P_:I # Lerentian i

E =40 aV Ag 3d FvHM
5000 |- i 37020 meV
4000 - —/
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Current best energy resolution: 70 meV

Panaccione et al.,
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http://lwww.esrf.fr/lUsersAndScience/Publications/Spotlight/2004 05 14VOLPE/



How much deeper do we

6.93 nm

probe at 8-10 keV? !

Au 6
Inelastic Attenuation Length
TPP-2M formula 5 F
of Tanuma, Powell, Penn
[nm]

410 pafter 5. Tanuma, ©.J . Fowell & DR .Fenn, 19913

Target Atom, 22 =74
Electron Energy, E[eV] = 1996

4.72 nm

~4-5X deeper

IMFP, lambd = 2072
F'Iasrr?mmnaeIrngryII]Epl [ev] = 70,80 3.48 nm than normal
ganma [1/eh] =0.043

3.0 heta [II(e‘I-"*Angstrum}] n.0z4
Densisty ofvalence electron, L
LI [electrons/cm®3] = 1.075
C [1rangstram] =10.988

O [eviAanostrom) = 30.96

XPS

0 f-07 nm ~15-20x deeper
than normal
' ARPES
00 I I I I I
0 500 1000 1500 2000 4000 6000 8000 10,000

Electran Energy [eY]

http://lwww.ss.teen.setsunan.ac.jp/e-imfp.html



Element-specific local atomic structure in

epitaxial/single crystal systems with > short-range order

High-resolution XPD from Si(001)-(2x1): Local atomic structure

Kikuchi-
Band like:

Much sharper
At 5-10 keV

Expt. Si 2p XPD Multiple Scattering
(1154 eV) Calculations (Kaduwela Code)

J. A. Martin-Gago, M. C. Asensio, P. Aebi, R. Fasel,
D. Naumovic, J. Osterwalder, unpublished



Buried interfaces:

The ubiquitous
challenge

Synchrotron Radiation News
May/June 2004 = Vol. 17, No. 3

x_rav /

Standing
Waves




Probing Buried Magnetic Interfaces

with Standing-Wave Excited Photoemission

coerect] UCDAVIS
S.-H. Yang, B. S. Mun, N. Mannella, L. Zhao, A.W. Kay, S.B. Ritchey,
B.C. Sell, A. Nambu, M. Watanabe, M. West, L. Pham and C. S. Fadley

Materials Sciences Division, Lawrence Berkeley National Laboratory
Department of Physics, University of California, Davis

”F:hl \ J.B. Kortright
’—-—-x\n Materials Sciences Division, Lawrence Berkeley National Laboratory

S. K. Kim
Department of Materials Science, Seoul National University

F. Salmassi and J. Underwood :
- Center for X-ray Optics, MSD, Lawrence Berkeley National Laboratory

A. Rosenhahn, E. Arenholz, A. Young, and Z. Hussain '

Advanced Light Source, LBNL
The Advanced
Light Source

S.S.P. Parkin and S.-H. Yang
IBM Almaden
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Standing wave formation
with a multilayer miryor
(or a set of atomic planes):

/éé\\ Lxs}ng g) -
~ SINO;, .
y 4 \\*\ dye

\/\/\/\/\

einc refl |
/ N
Multilayer Gigc’ E—x%4
mirror = L XX N \\ 1st order Bragg
Standing wave _| P A<—~—< Ax =20y, Sin0;, J
generator: T B2 ~— S'“Omc’ = Ad2dyr

A



X- Optical .
Calculations : Calculating XRO effects on spectroscopy
-n(hv) = NVemission

1-5 (hv) +iB(hv) hvincia (S, p, RCP or LCP)
-variable polarization 0
v
-multiple reflection/
refraction
S 0 ny=1 Ony" 9. Vacuum, V,
1

-exact treatment of T
interlayer intermixing 1st layer | d;
a/o roughness . ‘
1 204
-electric field at i-th ' d )
layer: 1
l(z) = |E/(2)+E (2)[
Photoemission: ‘1T
|
-differential cross _HTG.
section -4
{ g
-inelastic attenuation -

-surface refraction

X-ray emission:

°
\
\[\!u!s!ra!e ns= |'!s|| ’!s | Us!
Z

Multilayer PS, XES--S.-H. Yang et al., Surf.Sci.Lett. 461, L557 (‘00); J.Phys.C.M. 14, L406 (‘02)

-fluorescence yield



} . Slope ~
Probing Buried 1 step/

Interfaces with 10 atoms
Soft X-ray
Standing
16.0 A

Waves:
Core Spectra 118.0 A

4050 A ~ 10-8A
Fe/CI‘: re | period = [ ggggﬁ

standing

prototypical °*"
system for  period
giant

magneto-
resistance Sio

S.-H. Yang. B.S. Mun et al.,
Surf. Sci. Lett. 461, L557 (2000);
Phys. Cond. Matt. 14, L406 (2002)

Photoelectron

Photof or photon

RCP/LCP

Strong sof

X-ray
standing

40
periods



Fe and Cr 3s multiplets--probe of on-site spin moments

No change in
magnitude of
local spin
magnetic
moment thru
interface

Fe and Cr 3s Photoemission from wedge (Fe/Cr)+SWG

Fe 3s Cr3s

—o— Position B

—_ —e— Position B o .
:E —&A— Position C —A—Position C £
= [
o)
©
> i 1
=
7]
c
O
)
AE 4 5 eV AE 3 5 eV
104 100 96 92 88 84 80 76 72 68 64

Binding Energy (eV) Binding Energy (eV)



Fe and Cr 2p magnetic circular dichroism--probe of y-axis magnetization
Fe & Cr 2p MCD Data from wedge (Fe/Cr)+SWG

Cr magnetization
Is antiparallel to
Fe; systematic
variation of MCD
strengths vs d ,

Intensity

- =N

Position B

Position C

/1

+
o

&

Intensity Fe 2p MCD (%)

BN

Fe 2p MCD (%)

Fe2p —nght (+) Cr2p —nght (+)
positionB =~ positionB —
0 } : } + } ¢ }
51 s . :
i b ] e | o,
IR | W— -
position C —— Right (+) position C —— Right (+)
—— Left () :
1 -;wwwuwﬁ&w~mwﬁwwﬁa$"wmm;
- ] T
750 75 T S R
Binding Energy (eV)

Kysuayuj

[ERNR-E™
(%) ao dz 1o

L&bbCANw
(%) aomdz g  Aususp



Experimental thickness dependence of Fe and

Cr 2p and 3p MCD signals--Standing wave
scanned ~2 times through the interface

Position C

Position B I

“\/\ TN I
‘ \/' \/ [ ‘ / /"11
R et 28 I S A

a5 60 75 90 105 120 45 60 75 90 105 120
Cr thickness (A)



Models used to fit SW photoemission results

7 -

7 Interface

! ! FeCr,

0 X—> 1<Composition Magnetization— 0 Sat’n.

26Mixing

1 e

X 1-X

1

I(Fe 3p)/I(Cr 3p)
ratio data

Atomic

moments: mFet: Depth (2)

R
Hoo lY —

Cr

"~ _AFCr T —

Fe 2p,3p and Cr
2p,3p MCD data




0 X—> 1<Composition Magnetization— 0 Sat’n.

Fe (12.8 A -
( ) FeXCr1_X T T T2 8A MFe
Fe+Cr ) -12.5A
(6'8 A >< —: - — — - Mcr
intermix) B >>' 21.1A
Cr 40A Dot
_ R epth-
Atomic ‘ -
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m ——
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H — /
21.5 1
Non-destructive, 207\ 13
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. .. : S
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photoemission (& 35 |/[: f f \
now also x-ray 30\ \[ Position B \(/,/Position D4 18
.. 251\ 1.4
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1.2
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Cr thickness (A)



Probing Buried
Interfaces with

Waves:

Core-Level Chemical
Shifts and

Valence Band DOSs

Photon
capping layer

N

15A

Al O,/ /CoFeB: r25A [

model system for
magnetic tunnel

84 A

resistance
40 A

_ period= [ 20A

Higher standing | 20 A

Tunnel et anba

Resist perio standing
esistance - 40
periods
1000 A [

With S.-H. Yang
And S. Parkin



Intensity (arb. unit)

Core-level photoemission spectra

Binding Energy (eV)

Al 2p B 1s o Marked
a . chemical
- orcharging
[ . | shift!
8.0 7.8 7.6 7.4 7.2 7.0 166 15.)4 162 19.)0 1é8 166
| Fe 2 b | d
Co 2p P A ¥
M"‘“\f .’&x "}
= V/
%;}
H
{ |
s M
810 800 790 780 740 730 720 710



Rocking curve and

sample scan analysis:

B 1s data

Peak a : B 1s from
CoFeB amorphous
layer + CoFe alloy

Peak b : B 1s from few
topmost CoFeB layers

n Peak a

Peak b
4A(

36 A

6.5 A difference- - -

\

v )
B peak intensity

B 1s peak a

Rocking curves
B 1s peak b

+— 0.0015

0.0030

0.0025f

40.0012

0.0020
0.0015

Y.

40.0009

40.0006

0.0030

£0.0025¢

40.0012

0.0020

o
[=
o
-
(3]

10.0009
40.0006

+—0.0003

0.0030

0.0025f
0.0020
0.0015

40.0009
40.0006

+—0.0003

0.0025}

Normallzed Photoelectron nten5|t
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Variation of valence band DOSs with standing wave position
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Standing wave excitation of x-ray emission

in a multilayer magnetic structure

Sample angle scan
for rocking curve
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Intensity Ratio (arb. unit)
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STANDING-WAVE EXCITED SPECTROSCOPY--FUTURE POSSIBILITIES

e Other material pairs in multilayer
(B,C/W, Al,O,/Pt,...) + epitaxial

multilayers — epitaxial samples FM \»\

e Smaller periods (to ~25-30 A) - : ~

smaller SW period, better resolution NM, oxide — exfll:na?l,ge

e Lower hv; .. —higher Bragg .

angles—pefpend. component of M FM, AFM <— +— +— <«— +— biassing,

e X-ray emission— deeper layers, _tunn_el

more sensitivity to SW position junction,
Standing oxide multilayers

wave

B4C, other low density
W, other high
density

~30-60
periods °

B4C, other low density
W, other high density

Si-wafer, other substrate

\



STANDING-WAVE EXCITED SPECTROSCOPY—
BILAYERED MANGANITE

(La,.5,Sry45, JMN,0; <

La, ,Sry ¢07?

La, ,Sry¢07?
MnO,
La, 4Sryc07?
MnO,

La, ,Sry 607




Standing waves with hard x-rays:

reflectivity from a B,C/W multilayer: ~ 8.0 keV
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STANDING-WAVE EXCITED SPECTROSCOPY--FUTURE POSSIBILITIES

e Other material pairs in multilayer
(B,C/W, Al,0O,/Pt,...) + epitaxial

multilayers — epitaxial samples FM —

e Smaller periods (to ~25-30 A) — : > -~ GMR

smaller SW period, better resolution NM, oxide —> exchan,ge

e Lower hv; . —higher Bragg g

angles—>pe'r'?a%nd. component of M FM, AFM ¢— ¢— 4— «— «— Diassing,

e X-ray emission— deeper layers, tunnel

more sensitivity to SW position junction,

Standing SiNO oxide multilayers
hv; wave <l Ultrathin
Si gate oxide
films

Clusters,
a aaag a Self-assembled
_ monolayers,
B4C, other low density E.g., Au a Polymer films,

W, other high Liquid layers

densit i !
y Microscope resolution
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B4C, other low density
W, other high density

Three-dimensional
spectromicroscopy

Si-wafer, other substrate
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ALS X-ray microscope XM-1--Normal Transmission Configuration

Plane
rrirrar

ALS Bending
Magnet

Mutizal Indexing System
wilh Kinematic mounts

Condensar
Fona plate




ALS X-ray microscope XM-1--Proposed Reflection Configuration

Condensar
Fona plate

Flane
rrirror
Sample

ALS Bending scanning

Magnet

_ Micro zone
Incidence and

reflection
angles 7°-10°

CCD

G. Denbeaux, P. Fischer, C.F. et al.
Standing-wave spectroscopy also in:

= PEEMs if incidence angle can be tuned sufficiently
*Focussed beam scanning microscopes—APS nanobeamline @ 50 nm



Summary and Future Prospects at the APS

—INSTRUMENTATION: Multi-technique experimental system for studying
samples, plus much faster detection system for the future

—MULTIPLE SPECTROSCOPIC MEASUREMENTS (PS, XAS, XES/RIXS) ON A CMR
OXIDE: La, , Sr,MnO; (x = 0.3, 0.4): High-temperature electron localization onto Mn
(polaron), connection with T*—desirable with hard x-ray photoemission as well

—BURIED INTERFACES STUDIED WITH X-RAY STANDING WAVES:

GMR--Fe (ferromagnet)/Cr(non-magnetic):
=Core photoelectron multiplets—
No change in Fe or Cr local moments through interface
=Core intensities and MCD, standing wave wedge scan and rocking curves--
~ 2-3 A resolution in depth, induced ferromagnetism in Cr just below the
interface

MTJ--AL, O,/ /ICoFeB:

=Core binding energies--Two states of B identified and localized in depth

*Valence spectra--density of states enhancement @ E; vs CoFe thickness,
explains higher magnetic tunnel resistance

—AT THE APS OF THE FUTURE:
*High-energy photoemission/diffraction in the 5-10 keV range:
variable bulk sensitivity, MCD/MLD, focussed beam to <50 nm
»Standing wave studies of buried interfaces in the 0.5-10 keV range:
photoelectron and fluorescent x-ray detection
*Next-generation detection systems, time-resolved pump-probe studies,
spin detector for photoelectrons



Next Generation Detection for EXAFS/X-ray Fluorescence
Holography (P. Denes et al., LBNL, proposed)

Sensor - 2x2 cm?

N
| > Pixels - 1x1 mm?
3
AQ < (1°)2
Q = 90% X 2n
v 90 sensors
S~ | 36000 pixels

2 cm ladders

Applications: Ultrahigh-speed EXAFS, Holograms in seconds or single
XFEL pulse



