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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 EF 

• Valence-band dispersions, via  

        depth-resolved ARPES 

  Photoemission from complex bulk 

materials, buried layers, interfaces  



 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 
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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 
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  

 

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

Past workshops: 
HAXPES03, ESRF--Nucl. Inst. and Meth. A, Volume 547, Issue 1, Pages 1-238 (2005) 

HAXPES06, SPring8-- http://haxpes2006.spring8.or.jp/program.html  
HAXPES-ALS User Meeting-- 

http://ssg.als.lbl.gov/ssgdirectory/fedorov/workshops/index.html 
HAXPES09-NSLS-- http://www.nsls.bnl.gov/newsroom/events/workshops/2009/haxpes/ 

HAXPES11-Hasylab-- http://haxpes2011.desy.de  

 

 

 

 

 
Diamond 

CLS  Existing 

 Under 
construction 

Lund 

 

ALS 
9.3.1  NSLS 

X24A 

Soleil 

SSRL 
 

 

Our group 

BESSY 
Petra III 

ESRF 

SPring 8 
Photon Factory 

/ 

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

facilities: 
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Hard x-rays, soft x-rays, and standing waves: 
Some example studies 

SrTiO3/La2/3Sr1/3MnO3 multilayer: 
Standing-wave depth-resolved composition,  

dielectric properties, bonding, and band structure 0
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Opening of the Gap in an Epitaxial 

Semiconducting Cr0.80Al0.20 Thin Film

Resistivity Measurements

Opening of the  

Semiconducting Gap

HAXPES at hv = 6 keV

Boekelheide, Gray et al.. PRL 105, 236404 (2010)-SPring-8   

AF, SDW
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Opening of semiconducting gap 
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Gray et al., Phys. Rev. Letters 108, 257208 (2012)-Spring-8 
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ARPES—How high can we go in energy and temperature? 
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Shevchik, Phys. Rev. B 16, 3428 (1977) 

Hussain….CF, Phys. Rev. B 34 (1986) 5226  

ARPESbands, 

quasiparticles 

(Low h, Low T, 

High angul. Res.) 

XPSDOS+XPD 

(High h, High T, 

Low angul. Res.) 
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Angle-Resolved Photoemission at High Energy-- 

How high can we go?: 

core-like photoelectron diffraction 

Alvarez et al., PRB 54, 

14703 (1996) 

-4e kin
recoil kin

m E (eV)
E (eV ) E 5.5 x 10

M M(amu)

  
    
   

Takata et al., 

Phys. Rev. B 75, 

233404 (2007) 

Additional effects at higher energies: 

• Non-dipole--the photon momentum kh easy to allow for 

• Angular acceptanceB.Z. averaging need better angular res. 

• Lattice recoilphonon creationmore B.Z. averaging,  

          Fraction DTs  Debye-Waller factor = W(T)  exp[- (kf)2 <u2(T)>] 

                  exp[-C1 (k
f)2T/(mD

2)]  exp(-C2EkinT) need cryocooling 

    the “XPS limit” of full B.Z. averaging and D.O.S. sensitivity 

  

  Recoil peak shifts and broadening:  

h = 1254 eV 

f

i h nk k k g  

a = 3.16, 2/a = 1.99 Å-1  

kf = 9.15 (2/a) = 18.19  

For k = 0.05 Å-1  0.157res. 

kh = 0.32(2/a) =  0.64Å-1 

(a) 

n 

Shevchik, Phys. Rev. 

B 16, 3428 (1977) 

Hussain et al.….CF, 

Phys. Rev. B 22 3750 

(1980) Phys. Rev. B 34, 

5226 (1986)  
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ARPESHARPES-How high can we go? 

Photoemission Debye-Waller Factors and 

Recoil Energies 
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ARPESHARPES-How high can we go? 
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Recoil Energies 
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Phys. Rev. B 84, 045433 (2011) 
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Hard x-ray ARPES--GaAs and  

the dilute magnetic semiconductor Ga0.97Mn0.03As 

How does Mn alter the GaAs electronic 

structure so as to produce ferromagnetic 

coupling?  Differing views: 

c Samarth, Nature 

Materials 11, 844 (2012) 

Ohya et al., Nature Physics 

7, 342 (2011) 

?
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Hard x-ray ARPES--GaAs and DMS Ga0.97Mn0.03As 
Comparing Experiment and One-Step KKR Theory 

Gray et al., Nature Materials 11, 957 (2012) 
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GaAs and Ga0.97Mn0.03As 

Angle-Integrated Hard X-Ray ARPES @ 3.2 keV 

Experiment and One-Step KKR Theory 
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Hard x-ray ARPES--GaAs and 

the dilute magnetic semiconductor Ga0.97Mn0.03As

c Samarth, Nature 

Materials 11, 844 (2012)

How does Mn alter the electronic structure so 

as to produce ferromagnetic coupling?  

Differing views:

400
meV

|

Fermi level

d

Gray et al., this work

Ohya et al., Nature Physics 

7, 342 (2011)

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  

SW (|E
2|) = 

x/2sininc 

R 1 

I(hν ) 1 R(hν ) 2 R(hν ) f cos[φ(hν ) 2πP ]   

inc inc inc incI(θ ) 1 R(θ ) 2 R(θ ) f cos[φ(θ ) 2πP ]   

1. Rocking curve: 

2. Photon energy scan: 

with: f = coherent fraction of atoms, P = phase of coherent-atom position 

 

% modulation  

100 x 4R 

 

e- h 

3. Phase scan with wedge-shaped sample (“Swedge” method): 

Three ways to scan 

a standing wave: 



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

Reflectivity- R 

Relative phase- / 

With thanks to Martin Tolkiehn, Dimitri Novikov, DESY 

+Same general forms if photon 

energy is scanned  

Bragg angle 



Hard x-rays, soft x-rays, and standing waves: 
Some example studies 

SrTiO3/La2/3Sr1/3MnO3 multilayer: 
Standing-wave depth-resolved composition,  

dielectric properties, bonding, and band structure 0
.8
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Case study: Standing wave/rocking curve analysis of an epitaxial 

 SrTiO3/La0.67Sr0.33MnO3 interface: Resonant soft x-ray excitation 
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Gray et al., Phys. Rev. B 82, 205116 (2010) 

Samples: Ramesh, Huijben  

Max. Refl. 



LSMO       15.6 Å

STO substrate

48 X

31.1 Å

period

h = 833.2 eVLa3d5/2 resonance

SrTiO3 15.5 Å
La0.66Sr0.33MnO3 15.6 Å

STO                        15.5 Å

       h = 5,946 eV, non-resonant        

KiessigKiessig
Bragg 

Standing wave/rocking curve analysis of an epitaxial 

 SrTiO3/La0.67Sr0.33MnO3 interface: hard x-ray excitation 

Gray et al., Phys. Rev. B 82, 205116 (2010) 

Samples: Ramesh, Huijben  
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Average multilayer 

dML changes by about 

-2 Å  -6% from top to 

bottom 
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Fitting of Rocking Curves—All Elements Present, Soft and Hard X-rays 



TEM with EELS-Confirms Conclusions of Standing-Wave Photoemission 

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

 J. Ciston, C. Ophus, M. Mancuso 

Also confirms change in bilayer spacing from top to bottom 



TEM with EELS-Confirms Conclusions of Standing-Wave Photoemission 
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Measurements at Nat’l. Center for 

Electron Microscopy, LBNL by  

 J. Ciston, C. Ophus, M. Mancuso 
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STO/LSMO-Resonant soft x-ray standing wave/rocking curves at 833 eV: 

core photoelectron peaks compared to calculated standing-wave field 

Binding Energy (eV)

G
ra

z
in

g
 A

n
g

le
 (

D
e
g

re
e
s
)

100908070605040

12.1

13.1

14.1

15.1

16.1

12.1

13.1

14.1

15.1

16.1
STO       LSMO       STO        LSMO        STO        LSMO

100806040200

Depth (A)

E
2

E
2

Probing

interface 

LSMO

Probing

bulk 

LSMO

Photoemission E2

Line Cut 1

Line Cut 2

Mn3p         Ti3p                Mn3s Doublet

B
u

lk
 L

S
M

O

In
te

rf
a
c
e
 L

S
M

O

Binding Energy (eV)

G
ra

z
in

g
 A

n
g

le
 (

D
e
g

re
e
s
)

100908070605040

12.1

13.1

14.1

15.1

16.1

12.1

13.1

14.1

15.1

16.1
STO       LSMO       STO        LSMO        STO        LSMO

100806040200

Depth (A)

E
2

E
2

Binding Energy (eV)

G
ra

z
in

g
 A

n
g

le
 (

D
e
g

re
e
s
)

100908070605040

12.1

13.1

14.1

15.1

16.1

Binding Energy (eV)

G
ra

z
in

g
 A

n
g

le
 (

D
e
g

re
e
s
)

100908070605040 100908070605040 100908070605040

12.1

13.1

14.1

15.1

16.1

12.1

13.1

14.1

15.1

16.1
STO       LSMO       STO        LSMO        STO        LSMO

100806040200

Depth (A)

100806040200

Depth (A)

E
2

E
2

Probing

interface 

LSMO

Probing

bulk 

LSMO

Photoemission E2

Line Cut 1

Line Cut 2

Mn3p         Ti3p                Mn3s Doublet

B
u

lk
 L

S
M

O

In
te

rf
a
c
e
 L

S
M

O

Clear chemical/final-

state shift at interface 

seen in Mn 3p 

No change in Mn 3s 

No change in Ti 3p—

near surface 

250x10
3

200

150

100

50

0 P
h
o
to
e
m
is
s
io
n
 I
n
te
n
s
it
y
 (
A
rb
. 
U
n
it
s
)

-80-60-40-200

Binding Energy (eV)

Int. 

640x10
3

620

600

580

560
in
te
n
s
it
y
 i
n
 a
rb
. 
u
.

959085807570

binding energy in eV

-10
-5

0
5
10

x
1
0

3
 

Bragg angle 

The Advanced 

Light Source

The Advanced 

Light Source

Multiplet splitting 

Gray, Yang et al., Phys. Rev. B 82, 205116 (2010)  

Expt.: Calc. SW field: 
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ARPES—How high can we go in energy and temperature? 
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STO/LSMO-Standing wave/rocking curves of valence region: 833 eV, 300K 
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Summary 

 Hard x-ray excitation to 5-10 keV permits probing to depths of 100 Å: 

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, 178-179, (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 SrTiO3/La0.7Sr0.3MnO3 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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