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Extreme Photoemission: Soft and Hard X-Ray Photoemission
and ARPES with Standing-Wave Excitation

Informal group meeting to discuss new results
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Photoemission from complex bulk

materials, buried layers, interfaces

Photoelectron

E

kin’?
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What do we want to know? &

« Atomic structure, lattice distortions
 Depth profiles of composition and

optical properties

« Core-levels>element-specific
binding energies, charge states
electronic configurations,

magnetic moments/magnetization
 Band offsets
« Valence-band densities of states
bandgaps, behavior near E¢
 Valence-band dispersions, via
depth-resolved ARPES



Photoemission in complex heterostructures and materials

Core photoemission>XPS, X-ray photoelectron diffraction-XPD,...
Valence photoemission->
Higher energy a/o temperature->Densities of states-DOSs
Lower energy a/o temperature>Band mapping, Angle-
resolved photoemission-ARPES
are very powerful techniques, but they:

» are sometimes too strongly influenced by surface effects, if bulk or
buried layer/interface properties are to be studied

» may not be able to selectively and quantitatively see bulk, buried-
layer or interface properties

Two ways to address these limitations:

» use of harder x-ray excitation (HAXPES, HXPS) for deeper probing:
core (HXPD) and valence DOSs or hard x-ray ARPES or “HARPES”

» use of soft and hard x-ray standing waves to selectively look below
the surface, including ARPES




X-ray photoemission: some key elements

>Up to 5-10 keV->deeper

Angle-resolved XPS (ARXPS)
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Photoemission in complex heterostructures and materials

Core photoemission>XPS, X-ray photoelectron diffraction-XPD,...
Valence photoemission->
Higher energy a/o temperature->Densities of states-DOSs
Lower energy a/o temperature>Band mapping, Angle-
resolved photoemission-ARPES
are very powerful techniques, but they:

» are sometimes too strongly influenced by surface effects, if bulk or
buried layer/interface properties are to be studied

» may not be able to selectively and quantitatively see bulk, buried-
layer or interface properties

Two ways to address these limitations:

» use of harder x-ray excitation (HAXPES, HXPS) for deeper probing:
core (HXPD) and valence DOSs or hard x-ray ARPES or “HARPES”

» use of soft and hard x-ray standing waves to selectively look below
the surface, including ARPES




Why do we want to go to 5-10 keV in XPS?
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Why do we want to go to 5-

10 keV in XPS?
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Hard X-Ray Photoemission (HXPS, HAXPES, HX-PES, HIKE...) in the World

Past workshops:
HAXPESO3, ESRF--Nucl. Inst. and Meth. A, Volume 547, Issue 1, Pages 1-238 (2005)
HAXPESO06, SPring8-- http://haxpes2006.spring8.or.jp/program.htmi

HAXPES-ALS User Meeting--
http://ssqg.als.Ibl.gov/ssqgdirectory/fedorov/workshops/index.html
HAXPESO09-NSLS-- http://www.nsls.bnl.gov/newsroom/events/workshops/2009/haxpes/
HAXPESll Hasylab-- http://haxpes2011.desy.de

o:b\

. .

2%

> &

0
o
SiE, Y

¥
.
i

® Existing
® Under
construction


http://haxpes2006.spring8.or.jp/program.html
http://ssg.als.lbl.gov/ssgdirectory/fedorov/workshops/index.html
http://www.nsls.bnl.gov/newsroom/events/workshops/2009/haxpes/
http://haxpes2011.desy.de/

References to prior papers on hard x-ray photoemission systems at other

facilities:
1. “X-Ray Photoelectron Spectroscopy and Diffraction in The Hard X-Ray Regime: Fundamental Considerations and Future Possibilities”, C. S. Fadley, Nuclear Instruments and
Methods A 547, 24-41 (2005), review in special issue edited by J. Zegenhagen and C. Kunz —overview.
2. “Bulk electronic properties of the bilayered manganite La, ,Sr; qMn,0O, from hard-x-ray photoemission®, F. Offi, P. Torelli, M. Sacchi, P. Lacovig, A. Fondacaro, G. Paolicelli, S.
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Hard X-Ray Photoemission at the LBNL Advanced Light Source—First Results, March, 2012
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X-ray photoemission: some key elements

> Up to 5-10 keV->deeper

Angle-resolved XPS (ARXPS)
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Hard x-rays, soft x-rays, and standing waves:

Some example studies

CrAl, FeRh:
Core-level fine structure and density of states measurements of
bulk materials

o3 2 W; GaAs, Ga, ,Mn As: SPring8

Petra lll
~N £ Core-level fine structure and angle-resolved photoemission

O How high can we go in energy?—>Bulk electronic structure!

eV

=

6.0

o3> SrTiO/La, /5Sr, ,sMnO; multilayer: ALS
00 2 Standing-wave depth-resolved composition, SPres
oW

dielectric properties, bonding, and band structure




Opening of the Gap in an Epitaxial

Semiconducting CrggAly 50 Thin Film
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FeRh—Metamagnetic transition from AF (low T) to FM (high T)

at ~330 K, thermally-assisted magnetic recording
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X-ray photoemission: some key elements

> Up to 5-10 keV->deeper

Angle-resolved XPS (ARXPS)
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ARPES—How high can we go Iin energy and temperature?

Er (K¢ ) = Ki 1 =Ki )
Er (K )—Vo = 27K 12mg K,

Angular acceptance

Surface \

hv !
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v — —
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Angle-Resolved Photoemission at High Energy--

— —
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Hussain et al.....CF,
Phys. Rev. B 22 3750
Additional effects at higher energies: (1980) Phys. Rev. B 34,
- Non-dipole--the photon momentum k,, 2easy to allow for / 5226 (1986)
« Angular acceptance—B.Z. averaging =>need better angular res. Shevchik, Phys. Reuv.
* Lattice recoil=>phonon creation—>more B.Z. averaging, B 16, 3428 (1977)

Fraction DTs = Debye-Waller factor = W(T) ~exp[- (k)2 <u(T)>]
~exp[-C, (kN2T/(m e,?)] ~exp(-C,E,, T) =>need cryocooling
>the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity Alvarez et al., PRB 54,

—>core-like photoelectron diffraction 14703 (1996)
. Recoil 2peak shifts and broadening: Takata et al.,
Erecoil (eV ) ~ |:me ] Ekin ~5.5 X 104 |:Ekin (eV)] PhyS- Rev. B 75,
M M(amu) | 233404 (2007)



ARPES->HARPES-How high can we go?

Photoemission Debye-Waller Factors and
Recoil Energies

Photon energy for ~50% DTs
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Hard x-ray ARPES for W(110):
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Gray, Minar et al., Nature Mat. 10, 759 (2011); I
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Plus News and Views, Feng, Nature Mat. 10, 729-730 (2011)



Hard x-ray ARPES for W(110):

One-step theory with phonons (Braun, Minar, Ebert) vs expt. (Gray et al.)
—— DQ
10 K
/—Mﬂ Binding Energy (eV) ™
=Y

oo ©o o BN~

Intensity (arb. units)

739565 =AY ‘600 = M ‘(e3ep mey) ¥ 00¢
HWI| SOQ=SdX

-8 -6 -4 -2
Binding energy (CV) Braun et al., to be published



K)

= 1500

Debye Temperature
=
3

500

C-
= Graphite
Perp-Plane

ARPES->HARPES-How high can we go?

Photoemission Debye-Waller Factors and

Recoll Energies

Photon energy for ~50% DTs
= 0.5 D-W @ 20K

6780
5950
5120
4290
3460
2630
1800
970.0
140.0

Recoil Energy (eV)

1.1 4

1.0 +

0.9 A

0.8 -

0.7 A

0.6

Recoil energy for all atoms and
different photon energies

Recoil energy (eV) #5.5 x 104 [E,;,(eV)/(Atomic Wt(amu))]

0.5 4

0.4 4
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0.2 +

0.1 4

0.0
0

C. Papp. L. Plucinski, et al.,
Phys. Rev. B 84, 045433 (2011)
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Ne Ca/f ZIn Zr — 10000 eV

=18 meV @ 6.0 keV
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Atomic Number/Element



Hard x-ray ARPES for GaAs(001):

3.2 keV

0 O A~ N

Binding Energy (eV)
[y
(=)

121

hv = 3238 eV
SPring-8

10:0:0:0:0:0:0:

ARTART -__—A' r

[O'“:LO] _khv = 3.00° S
— [001] :
[010]

4 2 0 2 4
Gray, Minar et al., Spring-8, Nature Materials 10, 759 (2011) Detector Angle (°)



Hard x-ray ARPES--GaAs and

the dilute magnetic semiconductor Ga, o-Mn, ;,AS

How does Mn alter the GaAs electronic
structure so as to produce ferromagnetic
coupling? Differing views:

_ b Fermi level
V) Fermi level V)
) )
“+ -+
48] 48]
+ +
LN )
—— —
O @)
= =
. =
U )
- -
) @
A A
E.=30-80 meV
200-300 meV F
Ohya et al., Nature Physics
C . ) ‘v’alecxlnfc:ebagdA) Samarth, Nature 7, 342 (2011)
I (derived from GaAs .
o, Materials 11, 844 (2012)
"'o‘ Impurity band
. ‘o“ (derived from p-d hybridization)
g "'o Less localized
“‘i tended ", (greater hopping)
:@: tates ",.
17; Correlation ‘
'.'; effects?
':-'; More More
- localized localized




E.g.-GaAs doped with Mn: a magnetic semiconductor

Ga, osMn o,AS--HXPS: T = 20K, Broad Survey

As3p Mn 3s

splitting
hv = 3238.12 eV Mn 2p “bulk” cass implies
O©=20° 2 7 screening As3s ~Mn=* 3d*
L5x10°Y 5oy 2 satellite linked (screening?)
' - > ] to magnetism: AN
§ oo Seen only in
] _ NI e hard x-ray 4
1.0x10° - g L | spectra Gla3pl [
| £ 021 v
% o.o-E w Cls As3d
§ 2575 2580 2585 2590 2595 2600 2605

Photoemission Intensity (Arb. Units)

1 Kinetic Energy (eV)

5.0x10" - uv Ga3d
’ Ols
_ Mn3s

0.0 4

I I I I I I
900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Samples: Stone, Dubon H
Expt.-Gray, Papp, Ueda, Yamashita, Kobayashi SPPIﬂSi 8
Theory- Pickett, Ylvisaker, Minar, Braun, Ebert



Hard x-ray ARPES--GaAs and DMS Ga, 4;Mn o;AS
Comparing Experiment and One-Step KKR Theory

Gag g7Mng g3AS

3,200V T .

00)

>
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>
o
S
O
=
Ll
o
=
o
=
o0

Exp.- Core-like VB (As4s) EXp.- Core-like VB (As4s)

‘ ‘ *h
T St o
i - -
5 = :

0 5 - 0 5
Ouer (°) o K, Oyer () ¢ Ky

Gray et al., Nature Materials 11, 957 (2012)




Normalized Photoemission Intensity (arb. units)

GaAs and Ga, 4 Mn, 43AS
Angle-Integrated Hard X-Ray ARPES @ 3.2 keV

Experiment and One-Step KKR Theory

Experiment hv=3.24keV

— Gag g7Mng o3AS
- GaAs
— GaO_97Mn0.03AS — GaAs

C Difference X 1 |

ﬁ %One-Step Theory

-d Difference X 2.2 -

4’

12

10 8 6 4 2 0
Binding Energy (eV)

12 10 8 6 4 2 0
Binding Energy (eV)

Gray et al., Nature Materials 11, 957 (2012)



GaAs and Ga, 4;Mn, 43AS
Hard X-Ray ARPES @ 3.2 keV

Experiment near E.

Photoemission Intensity (arb. units)

m— GaAs

m— Gag g7Mng g3AS

hlg

f

e | d

06 04 0.2 0.0

sepy oo
Il
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Binding Energy (eV)

”H "rllllwq\ll Irl I

= (53, 97MN( o3AS — GaAs

0.4-0.6eV

0.0-0.2eV

-0.2-0.0eV

Angle-Resolved Photoemission Intensity (arb. units)

Gray et al., Nature Materials 11, 957 (2012)



Hard x-ray ARPES--GaAs and

Density of states

Density of states

the dilute magnetic semiconductor Ga, 4;Mn; 53AS

How does Mn alter the electronic structure so
as to produce ferromagnetic coupling?

Differing views:
b

Fermi level

Fermi level

Density of states

200-300 meV

Samarth, Nature
Materials 11, 844 (2012)

Impurity band
(derived from p-d hybridization)

Less localized
(greater hopping)

Density of states

F-=30-80 meV
Ohya et al., Nature Physics
7,342 (2011)

Fermi level

Gray et al., Nature Materials 11, 957 (2012)



Photoemission in complex heterostructures and materials

Core photoemission>XPS, X-ray photoelectron diffraction-XPD,...
Valence photoemission->
Higher energy a/o temperature->Densities of states-DOSs
Lower energy a/o temperature>Band mapping, Angle-
resolved photoemission-ARPES
are very powerful techniques, but they:

» are sometimes too strongly influenced by surface effects, if bulk or
buried layer/interface properties are to be studied

» may not be able to selectively and quantitatively see buried-layer
and interface properties

Two ways to address these limitations:

» use of harder x-ray excitation (HAXPES, HXPS) for deeper probing:
core (HXPD) and valence DOSs or hard x-ray ARPES or “HARPES”

» use of soft and hard x-ray standing waves to selectively look below
the surface, including ARPES




Three ways to scan a standing wave formed In reflection from

single-crystal Bragg planes, or a multilayer mirror

Incident Reflected

)|
i mnmm\\’ e

...................................

Rl | /25T Oine

e mﬂm

! - \
A

Three ways to scan 100 x 4VR
- <t ] twave: x’,w*.‘.‘.‘1..'1‘,‘}.‘.‘”}.*Wl‘.‘i M X W \

1. Rocking curve:

1(0,.)xc1+R(0._.)+2,/R(6. ) fcos[e(6.  )-21P] \
2. Photon energy scan:
I(hv) «c 1+ R(hv)+2\/R(hv) f cos[@(hv)—2mP]

with: f = coherent fraction of atoms, P = phase of coherent-atom position
3. Phase scan with wedge-shaped sample (“Swedge” method):




Standing Wave Behavior During a Rocking Curve or Photon-Energy Scan

Reflectivity- R

Bragg angle
/ i
0.8}
R 06
0.4}
0.2}
5 g e G Y
artin Tolkiehn == T
e -20 O 20 40 60 80

A6 [urad]

+Same general forms if photon
energy Is scanned

With thanks to Martin Tolkiehn, Dimitri Novikov, DESY



Hard x-rays, soft x-rays, and standing waves:

Some example studies

%, CrAl, FeRh: SPring8
g Core-level fine structure and density of states measurements of
O bulk materials

W; GaAs, Ga,_ Mn As: SPring8
03 % 1-x X . Petralll

N < Core-level fine structure and angle-resolved photoemission
™ © How high can we go in energy?->Bulk electronic structure!

o3> SrTiO;/La,/5Sr, ;sMnO; multilayer: ALS
00 -2 Standing-wave depth-resolved composition, e
oW

dielectric properties, bonding, and band structure




X-ray photoemission: some key elements

Photon > Up to 5-10 keV->deeper

Angle-resolved XPS (ARXPS)
0, IS0 Three COT€ Ie:/?ls 1(6,9)

di”g angles ¥
e 0

60 p!u/

0 —>

\ . .../.HXPD

Sample
IB y Photoe- diffraction
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] H mx Kﬁ ! E
>|maging =
(D - (D m W
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Case study: Standing wave/rocking curve analysis of an
SrTiO,/La, 7SI, 3sMNO; Interface: Resonant soft x-ray excitation

Y ﬂLa3d5,2 resonance
— _
a S 0.008 -
Kz
The Advanced q‘_j
Light Source ug 0.006 ]\/me Ppﬂ
o Ll 2 A\ S 3
hv = 833.2 eV->La3d,, resonance 5
2
o
28
<

0.004 - /
0.002 -
~

0.000 . . : . : . : .
825 830 ' 835 840 845
Energy (eV)
v ———829.2eV
0.10 - Bragg 14.75 L 830'2 Y
0.09 1 ~ ——831.2eV
.. \ ——832.2eV
1 ——833.2 eV
0.07- ——834.2eV
. 0.06- ——835.2eV
‘§ 1 ——836.2 eV
43 ——837.2 eV
] @
-0.01 - : : : i : : :
Gray et al., Phys. Rev. B 82, 205116 (2010) 12 13 W 15 16 A 18

Samples: Ramesh, Huijben Angle (Degrees)



Standing wave/rocking curve analysis of an

SrTiO,/La, 7SI, 3sMNO; Interface: hard x-ray excitation

SPring..8
@ hv = 5,946 eV, non-resonant

Kiessig

311 A
Y [ period

48 X

Gray et al., Phys. Rev. B 82, 205116 (2010)
Samples: Ramesh, Huijben



SrTiO,La, 5-Sr, 5sMNO, Multilayer

Analysis of Rocking Curves

Normalized Photoemission Intensity (Arb. Units)

Normalized Photoemission Intensity (Arb. Units)

hv = 833.2 eV
Bragg
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SrTiO4La, ¢7Sr; 33MNO, Multilayer

Analysis of Rocking Curves

EXp.

hv = 833.2 eV hv = 5956.4 eV | Calc. Bilayer Thickness

. Bragg Bragg Gradient Profile
é Sr3p 3/2 Sr3p 3/2
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Normalized Photoemission Intensity (Arb. Units) Normalized Photoemission Intensity (Arb. Units)

Normalized Photoemission Intensity (Arb. Units)

Fitting of Rocking Curves—All Elements Present, Soft and Hard X-rays
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TEM with EELS-Confirms Conclusions of Standing-Wave Photoemission

1.0

0.5

Composition

0.8
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Also confirms change in bilayer spacing from top to bottom

Measurements at Nat’l. Center for Electron Microscopy, LBNL by
J. Ciston, C. Ophus, M. Mancuso




TEM with EELS-Confirms Conclusions of Standing-Wave Photoemission

Sr/La Column Intensity

Tl l\ln C‘ O 11 111111 lllt"(HlSit'y

« Top and bottom
Interfaces of
difference
thicknesses
« Photoemission most
sensitive to top
Interface

Measurements at Nat’l. Center for
Electron Microscopy, LBNL by

J. Ciston, C. Ophus, M. Mancuso



STO/LSMO-Resonant soft x-ray standing wave/rocking curves at 833 eV.:

core photoelectron peaks compared to calculated standing-wave field
Expt.: | I\/IuItipIe,I_spIiEting

Calc. SW field: |inecut1

Int.

Mn3s Doublet
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Photoemission
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= I
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=
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h Probing
interface
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»>Clear chemicalffinal- h
state shift at interface 0 20 40 50 80 100
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»No change in Mn 3s
»No change in Ti 3p— *

near surface Light Source Gray, Yang et al., Phys. Rev. B 82, 205116 (2010)



Binding Energy (eV)

EXpt.:
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STO/LSMO-Explaining the Difference Between Mn 3p and Mn 3s behavior

15 Ti 3s | No Shift
S ' EXPERIMENT
> Bulk LSMO
Z) Interface LSMO
9
£
-
o
‘0 . : . : . : : : : . .
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E 0.3 eV Shift THEORY
9 No Crystal-Field Distortion
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Binding Energy (eV) Gray et al., Phys. Rev. B 82, 205116 (2010)



X-ray photoemission: some key elements

:>Up

Hinc C

Angle-resolved XPS (ARXPS)

to 5-10 keV->deeper

Core-levels 1(6,¢)
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ARPES—How high can we go Iin energy and temperature?

Er (K¢ ) = Ki 1 =Ki )
Er (K )—Vo = 27K 12mg K,

Angular acceptance

Surface \

hv !
' Barrier Zone averaging:
N , =Vo XPS (DOS) limit
\q/“@ E: (ki )=hv—E (k )~ %k’ /2m,
v — —
Q\/ gbulk(aﬂd [ or Ysurf )
.\..
Q} — — — —
K¢ =Kj +puik (+9<ar )
Brillouin _ High energy a/o
Zone: E; (k; ) High temp.

Fraction DTs =~ Debye-Waller factor = W(T) ~ exp[- (k7)? <u?(T)>]

- ~ exp[-C, (K)?T/(m&Ep?)] ~exp(-C,E;,T)

W =~0
ARPES -?bands,
quasiparticles »XP_S >DOS+XPD
(High hv, High T,

(Low hv, Low T, Shevchik, Phys. Rev. B 16, 3428 (1977) ) R
. i w angul. .
High angul. Res.) Hussain....CF, Phys. Rev. B 34 (1986) 5226 ow angul. Res.)



ARPES->HARPES-How high can we go?

Photoemission Debye-Waller Factors and
Recoil Energies

Photon energy for ~50% DTs Recoil energy for all atoms and
= 0.5 D-W @ 20K different photon energies
6780
-
5120 1.
o |
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C. Papp. L. Plucinski, et al.,
Phys. Rev. B 84, 045433 (2011)



Standing-wave angle-resolved photoemission

Photon

— Variation of O, :
O THe € Change of incidence angle
= Standing wave sweeps

Variation of 3:
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Depth-Resolved Soft X-Ray ARPES?

Probing Probing
Bulk LSMO Interface LSMO

_______________________ _C. 0=124° g x 6=1209

Mn 3p

PES Intensity
(arb. units)

1st order Bragg:
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Sample: Huijben, Ramesh
Experiment-Gray, Papp, Bostwick, Rotenberg, Ueda, Yamashita, Kobayashi
Theory: Minar, Braun, Ebert, Plucinski, Yang



STO/LSMO ARPES In
k-space: 833 eV, 20K

2.35 eV = 1,,

-15 -10 -5 5 10 15 .
Detectorang.e(O) ->Depth-resolved/interface band structure?
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SrTiO, and Lag 5,Sry 33sMNO; band structures and DOS

SrTiO4-band insulator Lag 675r0.33MNO;- Half-Metallic
Ferromagnet
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STO/LSMO-Standing wave/rocking curves of valence region: 833 eV, 300K

Debye-Waller ~ 0.013-> DOS limit
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A. Gray et al., Phys. Rev. B 82, 205116 (2010)
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STO/LSMO Depth-resolved ARPES: hv=833 eV, RT (DW = 0.13) and 30K (DW = 0.75)
Room-Temperature DOS Spectrum Standmg -wave LSMO empha5|s
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STO/LSMO- Full-multilayer all-electron full-potential APW calculations

using LDA/GGA+U (Wien2k) of density of states
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First test case:
STO/LSMO

2=Mn3dt,, 1=Mn3de,
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Depth-resolved £
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First test case: STO/LSMO

Depth-resolved ARPES: hv=833 eV, 20K-Expt. vs Theory

2=Mn3dt,, 1=Mn3de,
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Further calculations in progress with relaxed atomic
positions and multilayer roughness at interface (Pentcheva)
Gray et al., Phys. Rev. B 82, 205116 (2010), and TBP



[SrTIOs/Lay ,Sry sMnO;] 54 SWARPES

hv =833.2eV Bulk LSMO Geometry Interface LSMO Geometry
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SWARPES

[SrTIO5/Lag 751, sMN O3] ;5

hv =833.2 eV, SLS

3: 10°F .
@
: 30+ =
= 0
= Valence
10+
E ] ] Ba.rl]dS ]
_ 0+818I | I820I | I822I | I824I | 826I | I828I
Kinetic Energy (ev)
do/dQ
. yZ
atomic
(=
__ 0
S =
O ©
=.N
ok
>3
al
__C
@ O
=t=
IS
E%
O_
T @)
al

Bulk LSMO Geometry

4u.c.(15.61 A)

4u.c. (15.61 A)

Bulk LSMO

degree
d® A N o N O~ O

d® A N O N b~ O

degree
d® A N O N O~ O

® A N O N N O

6 -4 -2 0 2 4 6
dearee

Gray, Nemsak et al., TBP

Interface LSMO Geometry
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Hard x-ray excitation to 5-10 keV permits probing to depths of ~100 A:
bulk properties and buried interfaces
Hard x-ray photoemission (HAXPES, HXPS) is rapidly growing
worldwide, with recent overviews at:

C.F., Nuclear Instr. & Meth. A 547, 24-41 (2005); 601, 8 (2009);

J. Elect. Spect. 178-179, 2 (2010) and to appear;

K. Kobayashi, Nuclear Inst. & Meth. A 601, 32 (2009);

L. Kover, J. Elect. Spect. 241, 17/8-179, (2010)

Hamburg HAXPES Conf.- http://haxpes2011.desy.de
HARPES is possible in the multi-keV regime: W, GaAs
One-step theory of ARPES (Ebert et al.) used for quantitative
Interpretation, including phonon effects via CPA
HARPES of GaAs and GaMnAs permits determining nature of Mn
perturbation of the electronic structure
Combining soft and hard x-ray excitation, standing waves, and ARPES
(SWARPES) yields depth-resolved composition, optical properties,
and electronic structure for SrTiO4/La, ,Sr, ;MnO; multilayer, wider
application to other multilayer systems (see also talk by Strocov)
SARPES and HARPES emerging as new more bulk-sensitive probes of
electronic structure (see also Strocov talk)

CF, Synchrotron Radiation News 25, 26 (2012)
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