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Abstract
 We present an updated design for a proposed source of
ultra-fast synchrotron radiation pulses based on a
recirculating superconducting linac [1,2], in particular the
incorporation of EUV and soft x-ray production. The
project has been named LUX – Linac-based Ultrafast X-ray
facility. The source produces intense x-ray pulses with
duration of 10-100 fs at a 10 kHz repetition rate, with
synchronization of 10’s fs, optimized for the study of
ultra-fast dynamics. The photon range covers the EUV to
hard x-ray spectrum by use of seeded harmonic generation
in undulators, and a specialized technique for ultra-short-
pulse photon production in the 1-10 keV range. High-
brightness rf photocathodes produce electron bunches
which are optimized either for coherent emission in free-
electron lasers, or to provide a large x/y emittance ration
and small vertical emittance which allows for
manipulation to produce short-pulse hard x-rays. An
injector linac accelerates the beam to 120 MeV, and is
followed by four passes through a 600-720 MeV
recirculating linac. We outline the major technical
components of the proposed facility.

OVERVIEW
A recirculating linac accelerates 2 ps electron bunches

to 2.5-3 GeV, where the bunches radiate in multiple
insertion devices. Intense soft x-rays are produced by
cascaded harmonic generation scheme, similar to high-gain
harmonic-generation (HGHG) - a laser-seeded process in a
cascaded series of undulators, resulting in enhanced
radiation at selected harmonics of the seed [3,4]. The
coherent soft x-rays can be tuned over a range of tens of
eV to 1 keV, and ultrashort seed laser pulses produce pulse
durations of 10-200 fs.  Hard x-rays are produced by
spontaneous emission of the electrons in narrow-gap,
short-period undulators. By use of a novel bunch tilting
process followed by optical compression, hard x-ray pulse
durations of 50-100 fs are obtained over a range of 1-10
keV [1,5].  Synchronization of the x-rays with lasers is
critical for experiments, and optical pulses initiate both
cascaded harmonic generation seed lasers and experimental
end station amplifiers for precise timing [1,6]. The
femtosecond x-rays are produced at a 10 kHz repetition
rate, with variable polarization, and with peak fluxes
comparable to third generation light sources. Thus, the

Figure 1. Machine layout. The beams generated at the rf
photocathode guns travel through the injector linac, main
linac, transport arcs, deflecting cavities, and either hard x-
ray production section or a cascaded harmonic generation
section, to the beam dump. Machine footprint is
approximately 150x50 m.

proposed LUX facility would provide stable, synchronized,
tunable, ultrafast x-ray pulses to multiple beamlines
operating simultaneously over a broad range of x-ray
wavelengths.

ACCELERATOR DESIGN
Electron pulses are produced at a rate of 10 kHz in high-

brightness rf photocathode guns [7,8]. Two sources are
used - one with a conventional circular cross-section beam
optimized for production of high-brightness EUV and soft
x-ray radiation in the harmonic generation scheme, the
other with a flattened cross-section beam for production of
hard x-rays [8]. The beam quality requirements of the rf
photocathode guns are already demonstrated, with
normalized emittance of approximately 3 mm-mrad at 1
nC charge, although higher repetition rates have not been
addressed to date. Conventionally, rf photocathode guns
employ a simple right-circular geometry or "pillbox"
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&RXSOHG� WR�WKH�TXHVWLRQ� RI�G\QDPLFV� LV�WKH�LVVXH�RI�KHWHURJHQHLW\�� LQ�ERWK�VSDFH�DQG�WLPH��&RUUHODWLRQV�
EHWZHHQ�G\QDPLFV�DQG�KHWHURJHQHLW\� FDQ�SURIRXQGO\� DIIHFW�WKH�SURSHUWLHV� RI�IXQFWLRQDO� PDWHULDOV���� )RU�
H[DPSOH�� LQ�PDJQHWLF� UHFRUGLQJ� WHFKQRORJLHV� LW�LV�ZHOO� NQRZQ�WKDW�DV�WKH�ELW�VL]H�LV�GHFUHDVHG��IOXFWXDWLRQV�
EHJLQ� WR�GRPLQDWH� DQG�ZLOO� XOWLPDWHO\� OLPLW� WKH�VWDELOLW\� RI�WKH�V\VWHP����'\QDPLF� KHWHURJHQHLW\� LV�RIWHQ�
DVVRFLDWHG�ZLWK�IDVW�RU�XOWUDIDVW� LQWHUPLWWHQW� QDQRVFDOH�HYHQWV�WKDW�VSDZQ�VWDWLVWLFDOO\� VHOI�VLPLODU� VSDWLDO�
DQG�RU�WHPSRUDO� VWUXFWXUHV��3RZHU�ODZ�GHSHQGHQFLHV� DQG�WKH�DEVHQFH�RI�FKDUDFWHULVWLF� OHQJWK� DQG�WLPH�
VFDOHV�DUH�RI�FHQWUDO� LPSRUWDQFH� LQ�XQGHUVWDQGLQJ� WKH�HPHUJLQJ� PDFURVFRSLF� SURSHUWLHV��WKRXJK� WKLV�
FRQQHFWLRQ� LV�UDUHO\�XQGHUVWRRG�LQ�GHWDLO��

�

)LJXUH�����7LPH�DQG�OHQJWK�VFDOHV�RI�
VSRQWDQHRXV�G\QDPLFV�DVVRFLDWH�ZLWK�
YDULRXV�PDWHULDOV�DQG�FKHPLFDO�SURFHVVHV��
;�UD\�SKRWRQ�FRUUHODWLRQ�VSHFWURVFRS\�
RSHUDWHV�LQ�D�NH\�DUHD�QRW�DFFHVVLEOH�E\�
RWKHU�WHFKQLTXHV��/&/6�,,�ZLOO�RSHQ�XS�
QHZ�IURQWLHUV�LQ�FRUUHODWLRQ�VSHFWURVFRS\�
E\�FKDUDFWHUL]LQJ�PDWHULDOV�RYHU�D�EURDG�
UDQJH�RI�OHQJWK�DQG�WLPH�VFDOHV��1RWH�WKDW�
WLPH�UHVROXWLRQ�VFDOHV�DV�WKH�VTXDUH�RI�WKH�
DYHUDJH�EULJKWQHVV��DQG�/&/6�,,�ZLOO�EH�
a������EULJKWHU�WKDQ�DQ\�VRIW�;�UD\�
VWRUDJH�ULQJ��

�

;�UD\�SKRWRQ�FRUUHODWLRQ�VSHFWURVFRS\��;3&6�� LV�RQH�SRZHUIXO�DSSURDFK�IRU�FKDUDFWHUL]LQJ� VSRQWDQHRXV�
IOXFWXDWLRQV� DQG�QDQRVFDOH� KHWHURJHQHLW\� LV�;�UD\�SKRWRQ�FRUUHODWLRQ� VSHFWURVFRS\��;3&6���7KLV�;�UD\�
DQDORJXH� RI�G\QDPLF�OLJKW� VFDWWHULQJ� PHDVXUHV�WKH�G\QDPLFV� VWUXFWXUH�IDFWRU�6�T�W��±�WKH�WZR�SRLQW�
FRUUHODWLRQ� IXQFWLRQ� WKDW�GHVFULEHV�GHQVLW\� FRUUHODWLRQV� DQG�WKHLU�HYROXWLRQ� ±�ZLWK�HOHPHQW�FKHPLFDO�
VSHFLILFLW\� DQG�VXE�QP�UHVROXWLRQ� SURYLGHG� E\�;�UD\V��7KH�GHWDLOV� RI�WKLV�DSSURDFK�DQG�WKH�DQWLFLSDWHG�
LPSDFW�RI�/&/6�,,�DUH�GLVFXVVHG� LQ�IXUWKHU�GHWDLO� DW�WKH�HQG�RI�6HFWLRQ� �������([SHULPHQWDO� DSSURDFKHV�
DQG�WKH�LPSDFW�RI�/&/6�,,���

Spontaneous Fluctuations and Heterogeneity in Electronic Structure: 
Driven Functionality in Complex Oxides:  

+DOOPDUNV� RI�VWURQJO\� FRUUHODWHG� V\VWHPV�DUH�FRPSHWLQJ� VSLQ��FKDUJH��RUELWDO� DQG�ODWWLFH� GHJUHHV� RI�
IUHHGRP��ZKLFK� UHVXOW�LQ�VSRQWDQHRXV�HPHUJHQFH� RI�QDQRVFDOH� LQKRPRJHQHLWLHV� LQ�WKH�HOHFWURQLF�
VWUXFWXUH�������([DPSOHV� LQFOXGH� VPHFWLF��VWULSH�� SKDVHV�DQG�SKDVH�FRH[LVWHQFH� REVHUYHG�LQ�VSLQ�� DQG�
FKDUJH�GHQVLW\� ZDYH�PDWHULDOV�� XQGHUGRSHG�KLJK�7F� VXSHUFRQGXFWRUV�DQG�FRORVVDO� PDJQHWRUHVLVWLYH�
�&05��WUDQVLWLRQ�PHWDO� R[LGHV�� HPHUJHQFH� RI�PHWDOOLF� GRPDLQV�GXULQJ� 0HWDO�,QVXODWRU� WUDQVLWLRQ� HWF���VHH�
)LJXUH� �����
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6LPLODU� WR�VN\UPLRQV�� IOXFWXDWLRQV� SOD\�DQ�LPSRUWDQW� UROH�LQ�VXUIDFH�DQG��'�PDJQHWLF� V\VWHPV�DV�
GLVFXVVHG� LQ�6HFWLRQ��������7KH\�KDYH�D�SURIRXQG�HIIHFW�RQ�WKH�VSLQ�UHRULHQWDWLRQ� SKDVH�WUDQVLWLRQ��
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REVHUYDWLRQ� DQG�FKDUDFWHUL]DWLRQ� RI�FULWLFDO� IOXFWXDWLRQV� QHDU�PDJQHWLF� SKDVH�WUDQVLWLRQV�� LQFOXGLQJ�
TXDQWXP�SKDVH�WUDQVLWLRQV�� 7KH�VLJQDO� IURP�VSLQ�WH[WXUHV� DUH�JHQHUDOO\� ZHDN��DQG�KLJK� UHSHWLWLRQ� UDWH�
EDVHG�OLJKW� VRXUFHV�VXFK�DV�/&/6�,,�ZLOO� EH�LGHDO� WR�VWXG\�WKH�VSRQWDQHRXV�QDQRVFDOH� IOXFWXDWLRQV� LQ�WKHVH�
PDJQHWLF� V\VWHPV���

Spontaneous Fluctuations and Heterogeneity in Chemistry 

0XOWL�SKDVH� FKHPLFDO� SURFHVVHV��GLIIXVLRQ�� DQG�WUDQVSRUW�DUH�FHQWUDO� WR�D�EURDG�UDQJH�RI�HQHUJ\�DQG�
HQYLURQPHQWDO� FKDOOHQJHV�� IURP�KHWHURJHQHRXV� FDWDO\VLV� �DV�GLVFXVVHG� LQ�6HFWLRQ�������WR�FDUERQ�
VHTXHVWUDWLRQ�� WR�HQHUJ\�VWRUDJH� DQG�FRQYHUVLRQ� V\VWHPV��WR�VXE�VXUIDFH�HQYLURQPHQWDO� FKHPLVWU\�� 7KHVH�
DUH�IXQGDPHQWDOO\� VWRFKDVWLF� SURFHVVHV�GRPLQDWHG� E\�FKHPLFDO� KHWHURJHQHLW\� DQG�IOXFWXDWLRQV� RI�WKH�ORFDO�
FKHPLFDO� VWUXFWXUH�DQG�HQYLURQPHQW��&KDUDFWHUL]LQJ� DQG�FRQWUROOLQJ� WKH�FKHPLFDO�PHFKDQLVPV� DQG�NLQHWLF�
SDWKZD\V�WKDW�VSDQ�PDQ\�RUGHUV�RI�OHQJWK� VFDOHV�DQG�WLPH�VFDOHV� LV�D�JUDQG� FKDOOHQJH� ZKHUH�/&/6�,,�
FDSDELOLWLHV� ZLOO� KDYH�D�TXDOLWDWLYH� LPSDFW��

An Example: Site-specific chemical kinetics in advanced energy conversion processes:  

8QGHUVWDQGLQJ� DQG�FRQWUROOLQJ� UHDFWLYH�FKHPLFDO� IORZ�WKURXJK� SRURXV�PHGLD�LV�FHQWUDO� WR�ERWK�
HQYLURQPHQWDO� LVVXHV� DQG�WHFKQRORJ\� DSSOLFDWLRQV�� 3RURXV�PDWHULDOV� LQFUHDVLQJO\� VXSSRUW�QRYHO�
DSSOLFDWLRQ� LQ�FDWDO\VLV�� FKHPLFDO� VHSDUDWLRQ��DQG�HQHUJ\� FRQYHUVLRQ� SURFHVVHV��DQG�WKH\�SURYLGH� DQ�LGHDO�
SODWIRUP� WR�VWXG\�FKHPLFDO� G\QDPLFV�LQ�FRQILQHG� JHRPHWULHV�������$�ORQJ�VWDQGLQJ� FKDOOHQJH� LV�WR�
V\QWKHVL]H� RSHQ�FU\VWDOV�ZLWK�SRUH�DSHUWXUHV�RI�D�VL]H�VXLWDEOH� IRU�WKH�LQFOXVLRQ� RI�ODUJH� RUJDQLF�� LQRUJDQLF��
DQG�ELRORJLFDO� PROHFXOHV�� $�SURPLVLQJ� QHZ�FODVV�RI�PDWHULDOV� DUH�WKH�PHWDO�RUJDQLF� IUDPHZRUNV��02)V���
ZKLFK�DUH�FRPSRXQGV�FRQVLVWLQJ� RI�PHWDO�LRQV� FRRUGLQDWHG� WR�RUJDQLF� PROHFXOHV� WR�IRUP�WKUHH�
GLPHQVLRQDO� SRURXV�VWUXFWXUHV����02)V�KDYH�EURDG�DSSOLFDWLRQV� LQ�LQGXVWU\��DQG�DUH�DPRQJ�WKH�PRVW�
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Figure 6.12 Component geometry and photon energy tuning curves for the FERMI free-electron laser76-

81. (a) A diagram77 of FERMI’s FEL-2 showing a coherent seed pulse at 260 nm plus two stages of 
HGHG. Components include modulators M, dispersion sections DS, and radiators R.  A “fresh” region of 
the somewhat longer electron bunch is used for the the second stage of HGHG. Images of the beam and 
its divergence are shown at different stages of the FEL. (b) Broad tunability, from 100 nm to 4 nm, is 
achieved by using one or two sectors of HGHG (FERMI FEL-1 or FERMI FEL-2), combined with 
magnetic undulator K-tuning and varied electron beam energies from 0.9 to 1.5 Gev. Harmonics as high 
195 (3x13x5) have been generated, corresponding WR�D�ZDYHOHQJWK�RI�����QP������H9���ZLWK����ȝ-�SHU�
puse, or 4 x 1011 photons/pulse. Dashed lines indicate expectations for future harmonic radiation 
(Courtesy of  L. Giannessi and M. Svandrlik78, FERMI, Trieste). 
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Seeded X-ray free-electron laser generating
radiation with laser statistical properties
Oleg Yu. Gorobtsov1,9, Giuseppe Mercurio2,10, Flavio Capotondi3, Petr Skopintsev1,11, Sergey Lazarev 1,4,
Ivan A. Zaluzhnyy 1,5,12, Miltcho B. Danailov3, Martina Dell’Angela6, Michele Manfredda3,
Emanuele Pedersoli 3, Luca Giannessi3,7, Maya Kiskinova 3, Kevin C. Prince 3,8, Wilfried Wurth1,2 &
Ivan A. Vartanyants 1,5

The invention of optical lasers led to a revolution in the field of optics and to the creation

of such fields of research as quantum optics. The reason was their unique statistical

and coherence properties. The emerging, short-wavelength free-electron lasers (FELs) are

sources of very bright coherent extreme-ultraviolet and X-ray radiation with pulse durations

on the order of femtoseconds, and are presently considered to be laser sources at these

energies. FELs are highly spatially coherent to the first-order but in spite of their name,

behave statistically as chaotic sources. Here, we demonstrate experimentally, by combining

Hanbury Brown and Twiss interferometry with spectral measurements that the seeded

XUV FERMI FEL-2 source does indeed behave statistically as a laser. The results may be

useful for quantum optics experiments and for the design and operation of next generation

FEL sources.
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functions determined by Eq. (1) for these two data sets are
presented in Fig. 3a, c and examples of the single and multimode
pulses are shown in Fig. 3b, d. Remarkably, these two data sets
produce similar correlation functions with low values of contrast
of about 0.02 and 0.07 for the data set with the smallest and
largest contribution of the main mode, respectively. Based on
these results, we conclude that the seeded FERMI FEL-2 source is
not behaving as a chaotic source but rather as a laser source, even
in the case when several modes are present in the spectrum. This
implies that the spectral modes are potentially phase locked, as in
the case of FERMI FEL-119 ,20, which is an important finding for
coherent control experiments17.

Probability distribution and dispersion values of intensity.
To further investigate the difference between the seeded and
SASE operation modes, the probability distribution of total
intensity was studied in both cases (see Fig. 4 a, c). As known
from the first-order coherence theory, there is little difference
between a multimode laser without phase locking and a chaotic

source25. In both cases the total pulse intensity distribution
follows a Gamma distribution. We indeed observed such beha-
viour in the SASE regime of FERMI with about eight longitudinal
modes (see Fig. 4 c). At the same time, in the seeded mode, fit-
ting data with a Gamma distribution does not well represent
the measured distribution and gives the unlikely result of
58 modes (see Fig. 4 a), contradicting the spectral observation.
A much better fit was provided by a Gaussian density function,
with a number of modes close to one25 (see Methods Eqs. (5)
and (6 )). This is also consistent with the statistical behaviour
of the FERMI FEL-2 source conforming to that of a phase-
locked laser.

We also analysed the dispersion values of the total intensity I given
by ζtot= 〈δI2〉/〈I〉2, where δI= I− 〈I〉. They were measured at the
spectrometer as a function of the radiation bandwidth for both
regimes of operation (see Fig. 4 b, d and Supplementary Note 3). In
the SASE mode (Fig. 4 d), we observed the typical behaviour
measured also at other SASE FEL sources14 ,15 with saturation at the
narrower bandwidth values. We found that this saturation value was
smaller (0.5) than the expected value of unity. Such behaviour was
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functions determined by Eq. (1) for these two data sets are
presented in Fig. 3a, c and examples of the single and multimode
pulses are shown in Fig. 3b, d. Remarkably, these two data sets
produce similar correlation functions with low values of contrast
of about 0.02 and 0.07 for the data set with the smallest and
largest contribution of the main mode, respectively. Based on
these results, we conclude that the seeded FERMI FEL-2 source is
not behaving as a chaotic source but rather as a laser source, even
in the case when several modes are present in the spectrum. This
implies that the spectral modes are potentially phase locked, as in
the case of FERMI FEL-119 ,20, which is an important finding for
coherent control experiments17.

Probability distribution and dispersion values of intensity.
To further investigate the difference between the seeded and
SASE operation modes, the probability distribution of total
intensity was studied in both cases (see Fig. 4 a, c). As known
from the first-order coherence theory, there is little difference
between a multimode laser without phase locking and a chaotic

source25. In both cases the total pulse intensity distribution
follows a Gamma distribution. We indeed observed such beha-
viour in the SASE regime of FERMI with about eight longitudinal
modes (see Fig. 4 c). At the same time, in the seeded mode, fit-
ting data with a Gamma distribution does not well represent
the measured distribution and gives the unlikely result of
58 modes (see Fig. 4 a), contradicting the spectral observation.
A much better fit was provided by a Gaussian density function,
with a number of modes close to one25 (see Methods Eqs. (5)
and (6 )). This is also consistent with the statistical behaviour
of the FERMI FEL-2 source conforming to that of a phase-
locked laser.

We also analysed the dispersion values of the total intensity I given
by ζtot= 〈δI2〉/〈I〉2, where δI= I− 〈I〉. They were measured at the
spectrometer as a function of the radiation bandwidth for both
regimes of operation (see Fig. 4 b, d and Supplementary Note 3). In
the SASE mode (Fig. 4 d), we observed the typical behaviour
measured also at other SASE FEL sources14 ,15 with saturation at the
narrower bandwidth values. We found that this saturation value was
smaller (0.5) than the expected value of unity. Such behaviour was
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Science and Technology Evolution since CD-0
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a next generation light source
a transformative tool for energy science

Proposal for approval of Conceptual Design (CD-0)
Submitted to the U.S. Department of Energy
Office of Basic Energy Sciences

December 2010

NGLS - To Date May 2013 - Today

~$1.2B

2.4 GeV SC Linac
hνMAX ~2.5 keV
14 MV/m

1.2 GeV SC Linac
hνMAX ~720 eV
20 MV/m

~$600MEscalated cost with contingency

Source Where 1st 
Light Type Notes

FLASH
FLASH2

LCLS
LCLS(II

FERMI
FEL2

SACLA

PALFEL

EXFEL

SwissFEL

NGLS

2005 SC UV&FEL&*&&10&Hz&/&bunch&trains
2013

SC
Seeded&UV&FEL

2009 NC HXR&FEL&*&&120&Hz
2018

NC HXR&FEL&*&&120&Hz

2011 NC UV&FEL&*&50&Hz
2013

NC
Seeded&UV&FEL

2011 NC HXR&FEL&*&60&Hz

2015 NC HXR&FEL&*&120&Hz

2016 SC HXR&FEL&*&10&Hz&/&bunch&trains

2017 NC HXR&FEL&*&100&Hz

2023 CW SC SXR6FEL6(61,000,0006Hz6(CW)LCLS	II	

PRINCIPAL	FEL	FACILITIES	



SEEDED	FELs	
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ELETTRA	SAC	
2009	



1	nm	

100	nm	

Core	levels	
Diffraction	imaging	
Scattering	

VB	and	Optical	1	μm	

100	μm	

1000	μm	

Phonons	

Low	Energy		
Electrodynamics	

TABLE-TOP	AND	SOFT	X-RAY	FELS	

ELETTRA	SAC	
2009	



A	GLANCE	TO	THE	SCIENCE	



1.	Nonlinear	&	Quantum	X-ray	Optics	
Multi-dimensional	X-ray	spectroscopy	(2-color	-	fully	tunable,	
synchronized)	!	Stimulated	X-ray	Raman	(local	valence	
excitation)	
Stimulated	X-ray	emission	spectroscopy	
	
2.	High-resolution	Spectroscopy	at	the	Transform-limit	
Time-resolved	meV	RIXS	
Time	&	Spin	Resolved	ARPES	
	
3.	Heterogeneous	Systems	–	Fluctuation	Dynamics	
Dynamics	of	mesoscale	assembly	(>1010	scattering	snapshots)		
Biological	macromolecular	function	&	interaction	
X-ray	Pulses	on	demand	for	synchronization	to	droplets.	
	
4.	Ultrafast	Molecular	Reaction	Microscope.	
	
5.	Cinematic	Tomography	with	chemical	selectivity	

TABLE-TOP	AND	SOFT	X-RAY	FELs	SCIENCE	



NGLS Science: vibrant and broad despite reduced scope

6

Natural and Artificial Photosynthesis

NGLS Science: vibrant and broad despite reduced scope

6

Fundamental Charge Dynamics

NGLS Science: vibrant and broad despite reduced scope

6

Catalysis

NGLS Science: vibrant and broad despite reduced scope

6

Advanced Combustion Science
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NGLS Science: vibrant and broad despite reduced scope
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Quantum Materials

NGLS Science: vibrant and broad despite reduced scope

6

Nanoscale Materials Nucleation

NGLS Science: vibrant and broad despite reduced scope

6

Nanoscale Spin and Magnetization
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Zgrablić, Novello, Parmigiani, JACS, 134 (2) , 955-961 (2012) 

à	solvent	polarity	changes	branching	in	the	conical	intersection	

SOLAR	ENERGY	CONVERSION	STARTS	WITH	CHROMOPHORES	

Workhorse: 
The retinal chromophore 	
in solution 
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High	Temperature	
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TR-OPTICAL	BROADBAND	SPECTROSCOPY	



2-Photon	absorption	in	ZnSe	

Sample 
Pump 
1.5 eV 

F.	Cilento	et	al.,	APL	
(2010)	

THE	TIME	RESOLVED	OPTICAL	SPECTROSCOPY	(TROS) 

to	determine	the	spectrogram	of	a	chirped	light	pulse	

*		True	spectroscopy	with	temporal	resolution	
*		Disentangle	effects	by	their	spectral	fingerprint	AND	timescale	
*		Study	the	effect	of	a	small	non-equilibrium	distribution	

Time	Resolved	Optical	Spectroscopy	at	T-ReX:	
	

any	combination	is	currently	possible:	
	

Probe:	VIS	and	IR	Supercontinuum	(400-1100	
nm	and	500-1700	nm),	OPA	(1100-2600	nm)	
Pump:	800	nm,	400	nm,	OPA	(1100-2600)	nm)	
	



THE	NORMAL	METAL	STATE	-	SUPERCONDUCTING	STATE 

Unveiling	the	pairing	mechanism	
in	Cuprate	High-Tc	superconductors	

S.	Dal	Conte,	C.	Giannetti,	F.	Cilento	et	al.,	Science	335,	1600	(2012)	

C.	Giannetti,	F.	Cilento	et	al.,	Nature	Communications	2,	353	(2011)	



Ultrafast broadband optical spectroscopy for quantifying subpicometric coherent
atomic displacements in WTe2
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Here we show how time-resolved broadband optical spectroscopy can be used to quantify, with
femtometer resolution, the oscillation amplitudes of coherent phonons through a displacive model
without free tuning parameters, except an overall scaling factor determined by comparison between
experimental data and density functional theory calculations. WTe2 is used to benchmark this
approach. In this semimetal, the response is anisotropic and provides the spectral fingerprints of
two A1 optical phonons at ⇠8 cm-1 and ⇠80 cm-1. In principle, this methodology can be extended
to any material in which an ultrafast excitation triggers coherent lattice modes modulating the
high-energy optical properties.

Several fundamental properties of materials, includ-
ing the electrical and thermal conductivities, are influ-
enced by lattice vibrations [1]. Recently, the possibil-
ity to control such behaviors by resonant coupling of ul-
trashort light pulses to specific lattice modes has been
proved [2][3]. Conversely, coherent phonon spectroscopy
has emerged as a powerful method to directly observe, in
the time domain, coherent lattice vibrations [4][5][6]. De-
spite the many studies, coherent phonons have been ex-
ploited primarily to characterize ground state properties
[7][8][9][10], rather than controlling the material proper-
ties. This observation motivates the quest to learn how
specific lattice vibrations a↵ect the electronic behavior
in the vicinity of the Fermi energy. Structural dynamics
experiments, such as time-resolved x-ray di↵raction [11]
and time-resolved electron di↵raction [12], are currently
used to measure the amplitude of synchronized collective
excitations of the atoms in a solid, i.e. coherent phonon
modes. Yet, subpicometer displacements in complex ma-
terials are very challenging to be resolved.

In time-resolved reflectivity experiments, such modes
appear as ultrafast oscillations of the probe signal
[13][14]. Their amplitude has been related to the atomic
shifts for single-element materials [15][16] by using single-
frequency measurements. In materials with complex unit
cells, a larger number of phonon modes is present and a
method that avoids correlations in the estimation of in-
dividual amplitudes is required. Here, we report on a
novel approach to estimate the non-equilibrium atomic
displacements of coherent optical phonon modes by de-
tecting the modulation induced in a broadband reflectiv-
ity probe signal, which is central to obtain reliable sig-
natures of the modes. Density functional theory (DFT)
calculations are applied to a displacive model to simu-
late the time-resolved optical reflectivity signals and to
estimate the coherent phonon amplitudes in the tens of
femtometers regime.

At present, our method is applied to the orthorhom-

bic semimetallic (Td) phase of tungsten ditelluride
(WTe2), a transition metal dichalcogenide that has re-
cently gained interest for showing an unusually high and
non-saturating magnetoresistance [17] along with a pos-
sible type-II Weyl semimetal character [18]. WTe2 has
a layered structure belonging to the space group Pmn21
[19] (see Fig. S1 in [20]) with in-plane covalent bond-
ing and principally van der Waals interactions holding
together the individual layers. Furthermore, it has been
shown that its electronic, optical and topological prop-
erties are influenced by strain forces [18][21], which can
be induced through non-equilibrium perturbations [22]
allowing an ultrafast control of the functionalities of this
material.
Expressly, we focus on two A1 coherent optical phonon

modes at ⇠8 cm-1 and ⇠80 cm-1. They are comprised of
non-equilibrium displacements of the atoms along the y
and z crystallographic directions. The ⇠8 cm-1 optical
phonon is a uniform in-plane shift of the atoms, estimated
to be ⇠350 fm using a ⇠230 µJ/cm2 absorbed pump
fluence, while the ⇠80 cm-1 mode corresponds to atomic
displacements of few tens of femtometers which depend
on the specific atom. A more detailed description will be
given further on in this work.
High-quality tungsten ditelluride samples were grown

as reported in [17]. The presence of defects was previ-
ously studied [17][23] and has negligible impact on our es-
timate of the average displacements. In order to identify
the in-plane crystallographic axes, LEED images were
acquired under ultra-high vacuum conditions. Time-
resolved reflectivity experiments (sketch of the set-up in
Fig. 1(a)) were performed using a Ti:sapphire femtosec-
ond (fs) laser system, delivering, at a repetition rate of
250 kHz, ⇠50 fs light pulses at a wavelength of 800 nm
(1.55 eV). The broadband (0.8-2.3 eV) supercontinuum
probe beam was generated using a sapphire window.
DFT simulations were carried out using norm-

conserving (NC) [24] scalar relativistic [25] pseudopoten-

3

FIG. 2. DFPT eigendisplacements and frequencies for
the (a) 8 cm-1 and (b) 80 cm-1 optical modes; the
tungsten atoms are blue, whereas the tellurium ones are
orange. (c),(d) Oscillatory signal due to coherent
phonons (the two upper curves are shifted from the
central DR/R=0) (c) at 1.40 eV photon energy for
di↵erent probe beam polarization angles, showing a ⇡
phase shift for 8 cm-1 mode between the two
perpendicular configurations while the 80 cm-1 mode
appears to be una↵ected and (d) for ⌘||x as a function
of the photon energy, evidencing a ⇡ phase shift for 8
cm-1 mode when comparing the infrared (1.40 eV) to
the visible (2.21 eV) spectral region.

the experimental frequency for the 8 cm-1 mode with re-
spect to the DFPT result (10.30 cm-1) can be attributed
to a redshift as temperature or fluence are increased [34].
The marked di↵erence between the time constants of the
two modes could be linked to the di↵erent type of per-
turbation of the interatomic bonds induced by the as-
sociated displacements. The 8 cm-1 mode (Fig. 2(a))
only alters the interplanar, mainly van der Waals, in-
teractions. Di↵erently, the 80 cm-1 mode (Fig. 2(b))
induces a modification of the in-plane covalent bonds. A
more detailed DFPT analysis could provide a rigorous
basis for this intuitive argument, which is beyond the
scope of the present work.

Weaker additional A1 contributions at 116.5 0.4 cm-1,
132.2 0.4 cm-1 and 210.2 0.4 cm-1 frequency appear as
beats in the DR/R signal in the first hundreds of fem-
toseconds.

When switching the probed direction from ⌘||x to ⌘||y,
a ⇡ phase change for the 8 cm-1 mode (Fig. 2(c)) was
clearly registered for most of the probe photon energies.
Analogous ⇡ phase changes were found by comparing the
temporal profiles taken at di↵erent probe photon ener-
gies using the same polarization for the same mode (Fig.
2(d)). These phase di↵erences can be explained in terms
of the peculiar anisotropy of the dielectric function and
were reproduced through our numerical simulations (see
discussion for Fig. 4).
In order to model the e↵ects of the coherent phonons

on the reflectivity, we first calculated the wavefunctions
and eigenvalues for the equilibrium configuration us-
ing QE and the macroscopic dielectric tensor diagonal
components and the reflectivity curves through Yambo.
Then, we considered four out-of-equilibrium configura-
tions labeled as 0 and ⇡ phases, corresponding to dis-
placements in opposite directions, for each of the co-
herent phonon modes, using the eigendisplacements ob-
tained through DFPT with respect to the equilibrium
positions. The optical phonons led to modifications of
the electronic band structure that, although small, were
beyond the numerical accuracy and were confirmed by
linearly rescaling the e↵ects of larger perturbations [20].
For each configuration we calculated the associated re-
flectivity and DR/R with respect to the equilibrium con-
figuration. These curves describe the e↵ect of the op-
tical phonons on a quasi-equilibrium adiabatic system.
Indeed, a few picoseconds after time-zero, the system
has relaxed through electron-phonon scattering processes
and the incoherent part of the DR/R signal reaches a
plateau having a decay time much larger than the coher-
ent phonon period and damping timescale.
Experimentally, the e↵ects of each single optical

phonon mode on the DR/R were isolated with the fol-
lowing procedure. For the 8 cm-1 phonon, we took the
mean value over one period of the 80 cm-1 modulation
around two consecutive 8 cm-1 extrema (Fig. 3). For the
80 cm-1 oscillation, we directly used the spectral profiles
at the extrema, considering that the period of the slower
phonon is about ten times larger. The spectral profiles
were collected after the main relaxation peak, as precisely
indicated in the insets. The di↵erence between the spec-
tral profiles at the maximum (0 phase) and minimum (⇡
phase) of the coherent phonons, named with respect to
the ⌘||x DR/R, gives an unique signature of the phonon
mode.
Analogously, in our calculations, we considered the dif-

ference between the calculated DR/R curves at 0 and ⇡,
multiplied by an exponential factor derived from the ex-
perimental data, to account for the damping of the op-
tical modulation. The DFT predictions closely match
the experimental results for both the 8 cm-1 and 80 cm-1

modes by rescaling the atomic displacements, whose rel-
ative amplitude is given by DFPT, with a global mul-
tiplicative factor, common to both polarizations (Fig.
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FIG. 3. Top and middle panels: Calculated Cu M2,3 RIXS planes
from CuGeO3 in which the 3d SOC (0.102 eV) has been turned
off/on respectively. The RIXS maps are displayed as a function
of the incident photon energy and the energy loss of the scattered
photon. The crystal field parameters used for the calculation are
reported in Table I. The spin-orbit M2/M3 separation (2.41 eV) and
the lifetime broadening (1.6 eV) are derived from the experiment.
Bottom panel compares the simulated RIXS spectra (with/without
3d SOC) sliced from the maps at hν = 74.4 and 76.8 eV with the
fitting curves of the experimental spectra (blue curves).

patterns, which we have reported in Fig. 2(b) (continuous
colored curves) for comparison with the experimental data.
The theoretical quantum interference patterns are slices of
the theoretical RIXS maps (displayed in Fig. 3) taken at
constant energy losses and corresponding to the three P1,2,3
features.

Figure 3(a) displays the calculated RIXS maps over the
excitation photon energies crossing the M23 edges and the
photon energy loss with and without the 3d SOC mixing.
The 3d SOC parameter (102 meV) has been calculated from
Hartree-Fock numerics. The calculated spectra were broad-
ened to mimic the experimental resolution. The AM calcula-
tion reveals that the P2 feature, which experimentally appears
to be a single feature, is actually made of two spin-orbit
split features with different spin-orbit symmetries (dxz and
dyz), whose energy separation is of the order of 50 meV (see
Table I). In addition, the two spin-orbit split features appear to

TABLE I. The binding energies of the three d-d states (P1,dxy ,
P2,dxz,yz , and P3,dx2−y2 ) from this work are reported as calculated by the
deconvolution procedure described in the text. The table reports the
orbital binding energies from the AM calculation with and without
the 3d-SOC correction.

AM parameters

P1 P2 P3

Expt. d-d BE (eV) 1.56 1.75 1.95
x2-y2 xy xz/yz z2

Orbital only (eV) 0 1.58 1.77 1.832
Orbital + SOC 0 1.56 1.711 1.95

1.756

resonate differently at the two M edges. In particular, the two
features resonates simultaneously when crossing the M3 edge,
while the higher energy loss peak P2,xz resonates better at M2
edge. Accordingly, the combined P2 feature should appear to
drift up slightly in energy as the incident photon energy is
raised across the absorption edge.

Two sets of two slices of the calculated RIXS maps cor-
responding to the M3 and M2 photon energies are displayed
as energy loss spectra in the bottom panel of Fig. 3 and
qualitatively compared to the experimental spectra, which are
nicely reproduced by the calculated RIXS spectra with SO
coupling included. Since the predicted energy loss drift of the
dxz,yz is at the limit of the energy resolution of the present
RIXS experiment, our experimental results are not conclud-
ing. However, based on the results of the fitting deconvolution,
an apparent shift of the spectral weight is found of about
40 meV within the limits of the experimental resolution.

IV. CONCLUSIONS

In conclusion, we have carried out a comprehensive high-
resolution Cu M23 edge RIXS study of the 3d orbital ex-
citations in the quantum magnet CuGeO3. Thanks to finely
resolved RIXS measurements, we succeeded to resolve the
energy dependence of the d-d states across the Cu M23
edge.

Although the system has a modest 3d SOC, i.e., 102 meV,
in agreement with literature [50], the high confidence in deter-
mining the crystal field parameters combined with calculated
atomic multiplet RIXS spectra revealed pronounced mixing
effects of the orbital states from 3d valence SOC. These ef-
fects include a significant binding energy correction to the dz2

orbital, which has a direct interplay with cuprate low energy
physics as a parallel channel for oxygen pσ hybridization.
A more accurate dz2 energy is also found with respect to
previous calculations [23]. We have also observed the energy
loss drift in the xz/yz-derived P2 feature, that, to the best of
our knowledge, has never been reported for CuGeO3. Our
findings demonstrate that the 3d SOC play a remarkably large
role in defining the picture of orbital excitations in cuprates.
Accordingly, we also prove that the RIXS cross section is
sensitive to the 3d SOC. We show that the improved energy
resolution in RIXS spectroscopy will enable the detection of
spectral signatures of low energy interactions and is essential
for understanding the correlated nature of quantum materials
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Using high resolution resonant inelastic x-ray scattering measurements, we have observed that the orbital
excitations of the quasi-1D spin chain compound CuGeO3 has nontrivial and noticeable orbital mixing effects
from 3d valence spin-orbit coupling. In particular, the SOC leads to a significant correction of dz2 state, which
has a direct interplay with the low energy physics of cuprates. Guided by atomic multiplet based modeling, our
results strongly support a 3d spin-orbit mixing scenario and explore in detail the nature of these excitations.
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I. INTRODUCTION

Spin-orbit coupling originates many exotic properties of
quantum materials [1– 6]. Although small, SOC effect, often
combined with electronic correlation, is visible all throughout
3d electron systems.

In cuprates, spin-orbit coupling is known to cause the
Lande g-factor tensor for Cu2+ to deviate from 2 and it also
leads to the Dzyaloshinski-Moriya antisymmetric exchange
interaction, which underlies the spin canting and weak fer-
romagnetism in La2CuO4 [7].

Recently, the spin-orbit coupling constant of cuprate 3d
electrons has been found to play a remarkably large role in
defining electronic symmetries at the Fermi level and nontriv-
ial spin texture [8] and underpinning predictions of current
loop [9,10], topological spin liquid many-body phases, and
spin polarizability of cuprate quasiparticles [11– 13].

In the present work we explore the effects of the 3d valence
SOC on the orbital excitations of an archetypical cuprate
belonging to the quasi-one-dimensional (1D) edge-shared
class of quantum magnets [14], CuGeO3, by combining high
resolution Cu M23 edge RIXS [15– 17] and atomic multiplet
(AM) calculations.

Crystal field excitations, which correspond to a local re-
arrangement of the 3d holes, play a crucial role in many
properties of these materials and reveal the orbital energies
that are fundamental to establishing microscopic theoretical
models (e.g., tight binding). However, recent microscopically
based models have drawn attention to 3d SOC as another

*marco.malvestuto@elettra.eu

key parameter mediating the interplay of orbital currents [18]
with spin angular momentum, highlighting the importance of
identifying not just the orbital excitation energies, but also this
3d SOC-mediated orbital symmetry mixing.

In the perspective of our results, CuGeO3 [19– 25] reveals
itself as an intriguing case study about the effects of the
3d spin-orbit coupling (SOC) on the orbital excitation in
cuprates. In fact, the orbital excitation in CuGeO3 are closer
together in energy with respect to other cuprates [26], and
this promotes pronounced mixing effects from 3d valence
SOC, which can affect the electronic ground state of the CuO6
octahedron. Hence, the importance of this material stems from
being a simple model sharing key physical behaviors with
more complex two-dimensional cuprate materials.

We demonstrate that including SOC leads to a significant
correction to the binding energy of dz2 , which has a direct
interplay with cuprate low energy physics as a parallel channel
for oxygen pσ hybridization. We also observe the energy loss
drift in the dxz, dyz-derived RIXS feature, which is predicted
when 3d SOC orbital mixing occurs. This in turn can also
be seen as a slight structural distortion of the CuO4 plaquette
which can play a role in the low energy physics of CuGeO3,
and possibly of other similar cuprates.

II. EXPERIMENT

At room temperature, CuGeO3 [27] has an orthorhombic
cell with space group D5-Pbmm with lattice parameters a =
4.801 Å, b = 8.472 Å, and c = 2.942 Å. The crystal structure
[see Fig. 1(a)] is characterized by chains of edge-sharing
CuO6 octahedra units, where Cu2+ ions are at the center of
a square of O−2 ions [O(1)], running along the c axis. Two
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(a) (b)
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FIG. 1. (a) Crystal structure of CuGeO3. (b) Schematic of the
scattering geometry. The scattering plane, which includes the photon
beam and the spectrometer, is perpendicular to the bc crystal plane.
The photon polarization is in the scattering plane. (c) RIXS energy
scheme for 3p-3d scattering channels. The vertical axis represents
the energy of the electron configuration in arbitrary units. For sim-
plicity only the shells which are changing in configuration are shown.
A core-hole spin-orbit coupling separates in energy the [3p1/2;
3p3/2] intermediate states, which are considerably overlapped due
to lifetime broadening and thus it must be considered as a nonpure
intermediate state. The final state is a superposition of ground state
and orbital excitations.

apical weakly bonded oxygen are present above and below
each plaquette to yield a strongly distorted CuO6 octahedron,
allowing for easy cleavage. The chains of edge-sharing CuO4
units are connected along the c axis by corner-sharing units of
Ge4+ ions tetrahedrally coordinated with in-plane and apical
oxygen. Platelike samples were cleaved along the b-c axis
as illustrated in Fig. 1(b). The cleaved surface is oriented
perpendicular to the [100] axis, so that the buckle angle of
the CuO2 plaquette relative to the cleaved surface is 55.57◦.
The sample was a 200 µm thick single crystal CuGeO3. The
x-ray penetration depth at 74 eV is about 5 nm [28].

In RIXS, the resonant absorption of a photon by a core
electron leads to a radiative de-excitation which leaves the
system either in its ground or in a neutral excited state [29,30].
Thus dd excitations yield characteristic spectral losses dis-
persing with incident photon energy (Raman regime) and
information is projected on the cation site [31,32]. Nowadays,
high energy resolutions (!25 meV) can be achieved by RIXS
spectrometers in the soft and hard x-ray regime [33–38].
However, extending the RIXS spectroscopy into an extreme
ultraviolet (EUV) [39] regime can provide a wealth of benefits
with respect to the soft x-ray energy range; for example,
achieving superior energy resolution at moderate instrumenta-
tion resolving power and potentially offering simpler interpre-
tations for the spectral features [39–42]. M23-edge XAS and
RIXS measurements were performed at the beamline 4.0.3
(MERLIN) RIXS endstation (MERIX) [38] at the Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory.
The overall energy resolution was ∼ 18 meV (FWHM). Local
excitations with copper specificity can be measured by tuning

the x-ray photon energies at the Cu 3p absorption edges
(around 74–78 eV).

A schematic view of the RIXS scattering geometry is
reported in Fig. 1(b). The incident polarization was linear,
parallel to the horizontal scattering plane. The angle between
the bc crystal plane and the incoming EUV beam is ∼ 20◦. The
detector was placed in a direction perpendicular to the incident
beam, which is a typical 90◦ scattering geometry with linearly
polarized incoming x rays and no polarization analysis of the
outgoing x rays. As inelastic scattering at the Cu 3p edges
occurs only via excitation to the unoccupied 3dz2 , a projection
of the polarization of the incident radiation is kept into the
CuO2 planes.

In order to model the experimental RIXS response of
CuGeO3, an atomic multiplet (AM) theory [39,43,44] ap-
proach has been used. The theoretical spectra have been cal-
culated starting from a set of crystal field parameters (10Dq =
1.62, Dt = 0.1525, and Ds = 0.2856) extracted from the
experimental d-d energy positions. The extraction method of
the crystal field parameters is discussed in the Supplemental
Material [45].

III. DATA AND DISCUSSION

In CuGeO3, the d-d excitations can be probed by the
coherent photon absorption → re-emission transition se-
quence 3p63d93d̄x2−y2 (ground state) → 3p5d10(intermediate
state) → 3p63d9(final state). The transitions involved are
shown in Fig. 1(c) as an energy level diagram.

In more detail, there are two types of orbital excitations
in CuGeO3: one excitation is a transition of an electron from
the t2g orbital to the eg orbital (t2g excitation) and the other
one is between the eg orbitals (eg excitation). Following the
absorption of a photon, of energy hν, an electron is promoted
from a 3p orbital to the 3d shell, creating a 3p5

1/2,3/23dn+1

intermediate state. Intermediate states of Cu2+ have full
3d10 orbital occupation. In an atomic multiplet picture, the
3p5

1/2,3/23d10 state is made of two intermediate states with
different spin-orbit symmetries: J = 3/2 (M3) and J = 1/2
(M2). When these intermediate states decay and the 3p core
hole is filled, a photon of energy hν ′ is emitted leaving
the system with a 3d hole, whose orbital symmetry can be
different from the ground state orbital symmetry.

The energy difference between this final state and the initial
state is the overall energy transfer of the system. The visible
RIXS features represent excited states in which a hole has
been moved to a different orbital. Each excitation is labeled
by the d-orbital symmetry of the hole. At the M edges, the 3p
core-hole spin-orbit separation is comparable to the core-hole
lifetime broadening. The core-hole SO is measured as the
energy difference between the M2 and M3 edges and it is
2.41 eV. The core-hole lifetime width (1.6 eV; ∼ 0.4 fs) is
calculated as the FWHM of one of the deconvolved Lorentian
RIXS peak feature. This leads to a nonpure intermediate state,
which gives rise to quantum interference effects between the
spin-orbit separated core states 3p5

1/2,3/23d10. In brief, after
the photon absorption, the intermediate state remains in a
coherent quantum superposition |ψ⟩ = A|3p5

1/2⟩ + B|3p5
3/2⟩

(A and B are constants that hold the phase) with a lifetime
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A unique capability at LCLS II will be elastic and inelastic X-ray 
magnetic scattering studies of samples under applied (transient) large 
magnetic fields (greater than 60 T). As an example, the quantum 
spin liquid material herbertsmithite 34 (an S=1/2 kagome lattice 
antiferromagnet) has a ground state that is predicted to enter various 
magnetization-plateau configurations with increasing applied field.35 
Unfortunately, current field strengths available at neutron scattering 
facilities are too low to reach these exotic states. Resonant X-ray 
scattering in a pulsed field is a powerful new approach to explore 
this new physics. Interesting plateau states at one ninth or one third 
of the saturated moment require fields of more than 60 T in 
herbertsmithite. The ability to measure the spin arrangement and 
excitations in the plateau states will provide definitive evidence of 
novel behavior in these quantum magnets. Furthermore, many other 
quantum magnetic materials have ground states which do not exhibit 
long-range order. Hence, it is impossible to determine the 
Hamiltonian parameters via measurement of the spin-wave 
dispersion. 

 

For X-ray scattering experiments, the figure of merit is the number 
of photons available during the peak magnetic field. For a typical 
few msec-field pulse, there is a time window of less than 1 msec for 
the measurement, during which the LCLS-II X-ray free electron 
laser can deliver more than 1012 photons to the sample, a 10,000-
time gain compared with synchrotron sources applied to such 
experiments. Thus the combination of LCLS-II X-ray pulses with 
large saturating magnetic fields will allow for the determination of 
spin Hamiltonians in fully polarized states. This fundamental 
information cannot be directly obtained by other means. 

Experimental approaches & impact of LCLS-II 

With the advent of LCLS-II (seeded X-ray FEL with high repetition 
rate and tunable pulses near the Fourier-transform limit of energy 

 

Figure 37: A quantum spin liquid material: herbertsmithite 
ZnCu3(OD)6Cl2. (a) A high quality single crystal resulting from 
hydrothermal growth (b) Crystal structure with Cu2+ ions (large 
blue spheres) and Zn2+ ions (small brown spheres) displayed. 
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generates a core-hole at the core-level and it is followed by
the secondary processes (c, d). Figure 3(c) shows fluorescent
process by electron transition from the occupied band to the
core-level, while Fig. 3(d) shows (non-radiative) Auger
process which is electron emission from the occupied band
by electron transition from the occupied band to the core-
level. The fluorescence and Auger spectroscopies have been
typically used for chemical analyses of bulk and surface of a
material, respectively. The process in Fig. 3(e) is a resonant
photoemission process, which involves elementary processes
of (a), (b), and (d). When energy of incident light matches
with the energy difference between unoccupied level and
core-level, the core-hole is created and then decays via
Auger process. Its final state is same as that by a direct
photoemission process of valence electrons in the occupied
band. These two final states coherently enhance each other,
resulting in large photoemission intensity (resonant photo-
emission process). In resonant photoemission spectroscopy
experiments, electronic structure of specific element or
orbital can be determined.

As described above, the individual process provides
different information, i.e., binding energy, momentum, spin,
and orbital of an electron, in a matter. It is of note that
signals of the processes (a)–(e) can be obtained by a similar

instrumental set-ups. Therefore, one of the advantages of
experiments at SR beamlines is to simultaneously obtain
these information from the same sample and to make
comprehensive understanding of the material.

Various experimental analyses, including those shown
in Fig. 3, have been developed over the SR facilities and
their techniques have been significantly advanced with the
stepwise developments of SR sources as characterized by
‘‘generations’’. One of the notable evolutions has been made
in time-resolved measurements, which have been challenged
by ambitious researchers who have wanted to trace dynami-
cal phenomena such as chemical reactions and phase
transitions, in real time. Among all the SR-based analysis,
time-resolved measurement of photoemission spectroscopy,
(b), is focused in the present review article.

2.2 Overview of x-ray light sources
Figure 4(a) shows a schematic of an electron storage ring

in the SR facilities. The storage ring is fundamentally
composed of i) bending magnets that ensure a revolution or a
round-trip of electron bunches and simultaneously induces
radiation of continuous spectrum, ii) an undulator that
radiates quasi-monochromatic light, and iii) a radio fre-
quency (RF) cavity or generator that replenishes energy to

Fig. 3. A variety of SR-based spectroscopy techniques.
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We demonstrate that it is possible to obtain spin-resolved valence band spectra with a very high
degree of spin polarization from antiferromagnetic transition metal materials if the excitation light is
circularly polarized and has an energy close to the cation 2p3y2 (L3) white line. We are able to unravel
the different spin states in the single-particle excitation spectrum of CuO and show that the top of the
valence band is of pure singlet character, which provides strong support for the existence and stability
of Zhang-Rice singlets in high-Tc superconductors. [S0031-9007(97)02343-0]

PACS numbers: 74.25.Jb, 74.72.–h, 75.25.+z, 79.60.– i

To determine the nature and behavior of quasiparticles
in strongly correlated transition metal oxides, including
high-Tc superconductors, it is highly desirable to have
experimental information about the energies and band
widths of the different spin and multiplet states in the
single-particle excitation spectrum. Identification of these
states, which have their meaning within the Anderson
impurity model, could facilitate the modeling of the low-
energy excitations of the lattice in terms of those of
the impurity. Knowledge of the character of the first
ionization states is important for a better understanding of
the behavior of the charge carriers in the doped materials,
which could be quite intricate, especially when bound
states occur with a compensated local spin contrary to that
expected from Hund’s first rule. There is a tendency for
such to occur in charge transfer insulators, with perhaps
the high-Tc cuprates as the most famous of them. In fact,
the basic assumption in main stream theories concerning
high-Tc superconductivity, like the single band Hubbard
model [1] and the t-J model [2], is that the relevant states
in the CuO2 planes are of local singlet character, based
on theoretical estimates [3–7]. Up to now, however, no
direct experimental observation of such spin compensated
states have been reported, mainly because spin-resolved
photoemission [8–11], which is the obvious spectroscopic
tool to use, cannot be applied due to the fact that most
of the oxide materials, including the high-Tc cuprates,
are macroscopically not magnetic, so that all the spin-
resolved signals from the magnetically opposite cation
sites cancel each other. For the same reason, magnetic
circular dichroism experiments [12–14] at the cation 2p
and O 1s photoabsorption edges of hole doped oxides
[15] and cuprates [16,17] would provide no information
about the magnetic coupling between the cation and
oxygen holes.

In this paper we report the combined use of circularly
polarized light and electron spin detection in our resonant
photoemission study on CuO. Of all strongly correlated
transition materials, CuO has the simplest atomic multi-
plet structure, and may therefore serve as a first test for
this new type of spin-resolved photoemission technique
applied to antiferromagnets. CuO may also serve as a
model compound for high-Tc cuprates, since in comparing
it with the insulating parent compounds of the supercon-
ductors, the magnitude of the insulating gap, the antiferro-
magnetic superexchange interactions, the basic structural
unit (CuO4), the Cu-O distances, as well as the Cu valence
appear to be quite similar. Therefore, the characteristics
of the first ionization states in CuO may be representative
for the behavior of the doped holes in cuprates. Our re-
sults demonstrate that it is possible to obtain spin-resolved
valence band spectra from macroscopically nonmagnetic
transition metal materials. The spectra have a very high
degree of spin polarization, for which the use of the reso-
nance condition, i.e., using light with energies around the
cation 2p3y2 (L3) photoabsorption edge, proves to be es-
sential. We are able to unravel the different spin states
in the single-particle excitation spectrum of CuO. We
show, in particular, that the top of the valence band is of
pure singlet character, which provides strong support for
a meaningful identification of the so-called Zhang-Rice
singlets [5] in high-Tc cuprates.
The experiments were performed using the helical

undulator [18] Dragon beam line BL26yID12 [19] at
the European Synchrotron Radiation Facility (ESRF)
at Grenoble, together with the New York University
(NYU) spin-resolved spectrometer specifically designed
for soft-x-ray photoemission experiments [20]. The over-
all monochromator and electron analyzer resolution was
set at 1.5 eV. The degree of the circular polarization
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the first ionization state to be a singlet. In CuO, the
stability of this singlet with respect to other states can be
estimated from the width of the high polarization region,
which is about 1 eV.
Figure 2 shows a breakdown of the 3d8 final states in

terms of singlets and triplets, using the above-mentioned
selection rules. The results demonstrate clearly that
this type of experiment can unravel the different spin
states of the valence band of transition metal materials.
A quantitative analysis which includes Auger matrix
elements could provide a much more accurate modeling
of the complicated electronic structure of such strongly
correlated systems. In our case, a qualitative analysis
is more than sufficient to establish that the first 1 eV of
the valence band consists of singlets only, as can be seen
from the inset of Fig. 2. While much theoretical work has
been carried out in the past [5–7], our study provides the
direct experimental support for a meaningful identification
of Zhang-Rice singlets in cuprates.
In this photoemission work on CuO we make use of the

2p3y2 (L3) resonance condition: when the photon energy
is near the Cu 2p (L2,3) absorption edges, the photoemis-
sion consists not only of the direct channel (3d9 1 hn !
3d8 1 e) but also, and, in fact, overwhelmingly, of the
deexcitation channel in which a photoabsorption process
is followed by a nonradiative Auger decay (2p63d9 1
hn ! 2p53d10 ! 2p63d8 1 e). In principle, to observe
spin signal one needs only the use of a spin detector
and circularly polarized light. It is important to real-
ize, however, that circularly polarized light can only be
very effective if a strong spin-orbit splitting is present
in the atomic subshell under study, because then angu-
lar momenta will govern the selection rules [24]. Conse-

FIG. 2. A breakdown of the spin-resolved circularly polarized
2p3y2 (L3) resonant valence band photoemission spectrum of
CuO in terms of singlets and triplets. The inset shows that the
top of the valence band consists of singlets only.

quently, direct (nonresonant) photoemission on 3d tran-
sition metal materials would produce little spin signal,
because the spin-orbit interaction (of order 0.1 eV) is neg-
ligible compared to other interactions like crystal fields
and hybridizations (of order 1 eV). By making use of the
2p core level as an intermediate state in the deexcitation
channel of the 2p resonant photoemission process, we
now can take advantage of the large 2p spin-orbit splitting
(of order 20 eV) and the well known strong L2,3 magnetic
circular dichroism [13]. This forms the main principle of
our technique: tuning into one of the two well separated
spin-orbit split 2p white lines, circular polarized light pro-
duces a spin polarized 2p core hole, allowing the subse-
quent Auger decay to produce photoelectrons which are
also spin polarized (with a polarization depending on the
final state). Essential is the fact that the core hole state
is a bound state so that the Auger decay is a participator
process and reaches a photoemission final state. Figure 3
depicts in detail the deexcitation channel for a 3d9 initial
state. Starting with a valence shell hole which is spin up
or spin down, the photoabsorption process will produce
a 2p core hole which is spin up and spin down. This
process is therefore determined by four different cross
sections: A1, A2 for creating core holes with the same
spin as the valence shell hole, and B1, B2 with opposite
spin, where the 1y2 signs refer to an antiparallelyparallel
alignment, respectively, of the valence shell hole and pho-
ton spin. Of further consideration is that the strength of
the subsequent Auger decay of the core hole state de-
pends on the final state reached: Cs for singlets, Ct for
triplets with MS ≠ 61, and 1

2Ct for triplets with MS ≠ 0,
where the factor 1

2 takes into account that an MS ≠ 0
state is only for 50% a triplet. Using Fig. 3 as a guide,
one can find that a measurement of the intensity dif-
ference ss1e" 2 s1e#d for an antiferromagnet contain-
ing equal numbers of spin-up and spin-down 3d9 ions
yields fsA1 2 B1d 2 sA2 2 B2dgCs for singlets and
2

1
2 fsA1 2 B1d 2 sA2 2 B2dgCt for triplets, with analo-

gous expressions for s2 light. One can also find that
the polarization, defined as the intensity difference di-
vided by the sum, is fsA1 2 B1d 2 sA2 2 B2dgyfsA1 1
B1d 1 sA2 1 B2dg for singlets and 2

1
3 of this value for

triplets. We now arrive at the striking result that the po-
larization is essentially determined by the photoabsorp-
tion process. We note that the polarization in this type
of experiment is different from that in a photoabsorption
experiment (supposing that the sample can be made ferro-
magnetic), because the latter is given by fsA1 1 B1d 2
sA2 1 B2dgyfsA1 1 B1d 1 sA2 1 B2dg. The differ-
ence could be substantial: for the 3d9 ion, neglecting the
small 3d spin-orbit interaction, the polarization in reso-
nant photoemission is 5

12 while in absorption it is only1
4 (from A1 ≠ 14, A2 ≠ 6, B1 ≠ 1, B2 ≠ 3). It is also
important to realize that the observed polarization in our
experiment does not depend on the orientation of the
local moment. This is because each 3dsmld state with
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at the Cu 2p3y2 (L3) photoabsorption white line (hn ≠
931.5 eV) was 0.85, and the detector’s spin sensitivity
(Sherman function) was 0.07. The angle between the
electron emission direction and the light beam was set at
90±, and the spin detector was set to measure the degree
of the electron spin polarization in the direction along the
light beam in order to obtain complete parallel and anti-
parallel alignment of the photon spin and electron spin.
The spectra were recorded with the four possible combi-
nations of light helicity (s1ys2) and spin detector chan-
nels (e"ye#, measured simultaneously), in order to exclude
any systematic errors. The CuO sample was prepared in
situ by high-pressure (2–10 torr O2) and high-temperature
(400 ±C) oxidation of polycrystalline Cu as described in
earlier studies [21–23], yielding unpolarized spectra iden-
tical to those measured previously. The measurements
were carried out at room temperature, which is above the
Neel temperature of 230 K.
The top panel of Fig. 1 shows the valence band

photoemission spectra of CuO with photon energy tuned
at the Cu 2p3y2 (L3) white line. The thick solid line is
the sum of the spectra taken with parallel (s1e" 1 s2e#)
and antiparallel (s1e# 1 s2e") alignment of the photon

FIG. 1. Spin-resolved circularly polarized 2p3y2 (L3) resonant
valence band photoemission spectrum of CuO. The thick solid
line in the top panel is the sum of two spectra, one taken with
parallel and the other with antiparallel alignment of the photon
spin and electron spin. The thin line with open circles is the
difference spectrum. The bottom panel shows the degree of
spin polarization, calculated as the ratio between the difference
and sum spectrum. The zero check measurement as described
in the text verifies a correct experimental setup.

spin and electron spin. Aside from a slightly poorer
energy resolution, it is identical to the unpolarized 2p
resonant photoemission spectrum in an earlier work [23].
The spectrum reveals primarily the Cu 3d8 final states,
and the peaks at 16.2 and 12.5 eV binding energy are
states derived from the typical atomiclike 1S and 1G
states, respectively, as explained before [21–23]. The
thin line with open circles is the difference between
the spectra taken with parallel and antiparallel alignment
of the photon and electron spins. After taking into ac-
count the spin detector’s sensitivity and degree of circular
polarization, we notice that this difference is very large,
up to 41% of the sum spectrum, which is quite remarkable
since we are studying a polycrystalline system with
randomly oriented local moments. To verify that this
observation is not flawed by instrumental errors, we have
performed a zero check experiment. We repeated the
measurements under identical conditions with a carbon
target replacing in situ the gold target of the spin detector.
Since the carbon target is not sensitive to the spin of the
electron being analyzed, any difference signal detected
can be ascribed to instrumental asymmetries. As shown in
Fig. 1, we measured a difference spectrum which is zero,
proving that the experiment has been set up correctly and
that the above mentioned spin-resolved signals are real.
Figure 1 also shows that the difference spectrum has a

different line shape than the sum spectrum. For further
analysis, we represent in the bottom panel of Fig. 1 the
data in terms of the degree of spin polarization defined
as the ratio between the difference and the sum spectrum.
The states assigned as 1S and 1G have a polarization of
about 135% and 141%, respectively, and this compares
very well with an analysis of the selection rules in which
the polarization for a 3d9 ion, neglecting the small 3d
spin-orbit interaction, is found to be 1

5
12 (142%) for the

singlet and 2
1
3 3

5
12 (214%) for the triplet final states.

While for 12 eV and higher binding energies only singlet
states are present, between 1 and 12 eV the polarization is
much reduced but not negative, indicating the presence of
both singlet and triplet states as proposed in earlier studies
[21–23]. Quite remarkable is that the polarization is high
again for states located at the top of the valence band,
suggesting strongly that they are singlets, i.e., the Zhang-
Rice singlets in cuprates. With a value of 135%, one
is tempted to make a comparison with the polarization
of the high-energy 1S state (also 135%) and suggest a
common origin. In fact, model calculations [6,22] showed
that both the first ionization state and the high-energy
1S state belong to the 1A1 irreducible representation of
the D4h point group, and that the first ionization state,
which is mainly 3d9L-like, acquires some (67%) 3d8

character which is now being probed in this resonant
photoemission experiment (L denotes an oxygen ligand
hole). The calculations [6,22] also showed that it is the
large 3d Coulomb interaction together with the strongly
noncubic environment, present in all cuprates, that makes
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Spin-Resolved Photoemission on Anti-Ferromagnets: Direct Observation
of Zhang-Rice Singlets in CuO
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We demonstrate that it is possible to obtain spin-resolved valence band spectra with a very high
degree of spin polarization from antiferromagnetic transition metal materials if the excitation light is
circularly polarized and has an energy close to the cation 2p3y2 (L3) white line. We are able to unravel
the different spin states in the single-particle excitation spectrum of CuO and show that the top of the
valence band is of pure singlet character, which provides strong support for the existence and stability
of Zhang-Rice singlets in high-Tc superconductors. [S0031-9007(97)02343-0]

PACS numbers: 74.25.Jb, 74.72.–h, 75.25.+z, 79.60.– i

To determine the nature and behavior of quasiparticles
in strongly correlated transition metal oxides, including
high-Tc superconductors, it is highly desirable to have
experimental information about the energies and band
widths of the different spin and multiplet states in the
single-particle excitation spectrum. Identification of these
states, which have their meaning within the Anderson
impurity model, could facilitate the modeling of the low-
energy excitations of the lattice in terms of those of
the impurity. Knowledge of the character of the first
ionization states is important for a better understanding of
the behavior of the charge carriers in the doped materials,
which could be quite intricate, especially when bound
states occur with a compensated local spin contrary to that
expected from Hund’s first rule. There is a tendency for
such to occur in charge transfer insulators, with perhaps
the high-Tc cuprates as the most famous of them. In fact,
the basic assumption in main stream theories concerning
high-Tc superconductivity, like the single band Hubbard
model [1] and the t-J model [2], is that the relevant states
in the CuO2 planes are of local singlet character, based
on theoretical estimates [3–7]. Up to now, however, no
direct experimental observation of such spin compensated
states have been reported, mainly because spin-resolved
photoemission [8–11], which is the obvious spectroscopic
tool to use, cannot be applied due to the fact that most
of the oxide materials, including the high-Tc cuprates,
are macroscopically not magnetic, so that all the spin-
resolved signals from the magnetically opposite cation
sites cancel each other. For the same reason, magnetic
circular dichroism experiments [12–14] at the cation 2p
and O 1s photoabsorption edges of hole doped oxides
[15] and cuprates [16,17] would provide no information
about the magnetic coupling between the cation and
oxygen holes.

In this paper we report the combined use of circularly
polarized light and electron spin detection in our resonant
photoemission study on CuO. Of all strongly correlated
transition materials, CuO has the simplest atomic multi-
plet structure, and may therefore serve as a first test for
this new type of spin-resolved photoemission technique
applied to antiferromagnets. CuO may also serve as a
model compound for high-Tc cuprates, since in comparing
it with the insulating parent compounds of the supercon-
ductors, the magnitude of the insulating gap, the antiferro-
magnetic superexchange interactions, the basic structural
unit (CuO4), the Cu-O distances, as well as the Cu valence
appear to be quite similar. Therefore, the characteristics
of the first ionization states in CuO may be representative
for the behavior of the doped holes in cuprates. Our re-
sults demonstrate that it is possible to obtain spin-resolved
valence band spectra from macroscopically nonmagnetic
transition metal materials. The spectra have a very high
degree of spin polarization, for which the use of the reso-
nance condition, i.e., using light with energies around the
cation 2p3y2 (L3) photoabsorption edge, proves to be es-
sential. We are able to unravel the different spin states
in the single-particle excitation spectrum of CuO. We
show, in particular, that the top of the valence band is of
pure singlet character, which provides strong support for
a meaningful identification of the so-called Zhang-Rice
singlets [5] in high-Tc cuprates.
The experiments were performed using the helical

undulator [18] Dragon beam line BL26yID12 [19] at
the European Synchrotron Radiation Facility (ESRF)
at Grenoble, together with the New York University
(NYU) spin-resolved spectrometer specifically designed
for soft-x-ray photoemission experiments [20]. The over-
all monochromator and electron analyzer resolution was
set at 1.5 eV. The degree of the circular polarization
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Fig. 28. Evolution of spin detection efficiency. Symbols show the effective fig-
ure  of merit FnD . F0D (n = 0: zero-dimensional) corresponds to f0 of single-channel
detectors based on Mott-, SP-LEED- and exchange-scattering. F1D to detectors as
time-of-flight (ToF) energy analyzer, and F2D to imaging spin filters. Data from Refs.
[5,7,8,55,86,87,93,94,106–113]. In cases where the multi-channel efficiency was  not
given, it was estimated from the data provided.

many Mott detectors of different designs were sold as commer-
cial add-ons for electron spectrometers. Nevertheless, the need
for improved spin detection efficiency for applications in high-
resolution spectroscopy and SP-ARPES triggered the development
of new detection schemes, like the SP-LEED detector or detec-
tors based on exchange scattering from ferromagnetic materials.
In fact, f0 is nowadays much increased beyond 10−2 by using such
a new target as Fe(0 0 1)-p(1 × 1) O, where the spin sensitivity is
governed by exchange scattering. The useful lifetime of this spin
detector is also prolonged for more than a month, and this detector
is now very user-friendly.

In accordance with the increase of f0 by 2 orders of magni-
tude in the recent decade, the angle resolved measurement of the
spin of photoelectrons, called SP-ARPES, is becoming very popular
nowadays to study the spin texture of materials like topological
insulators [45,60]. Still the SP-ARPES by single-channel detection
requires ∼5 orders of magnitude longer measuring time than high-
resolution ARPES without spin detection. How to improve spin
detection efficiency was an important subject for decades of many
scientists interested in SP-ARPES.

However, a tremendous boost of the efficiency of spin detec-
tion is triggered with the introduction of multi-channel detection.
1D detectors with ToF analyzers measure many energy channels
simultaneously, resulting in an efficiency gain of 1–2 orders of mag-
nitude, and 2D imaging detectors which measure a complete (E,!)
or (kx, ky) image with an efficiency gain of 3–4 orders of magnitude
higher than the single-channel spin detection. We  note that values
FnD > 1 mean that these detectors are even more efficient than an
“ideal” single-channel detector (like a hypothetical Stern–Gerlach
spin separator) that would perfectly separate an electron beam in
spin-up and spin-down without loss of intensity. More practically
speaking, this also means that a spin resolved measurement with
a 2D spin filter today is even faster than a spin-averaged measure-
ment with a channeltron type detector in scanning mode, as it was
used in early days of electron spectroscopy.

When an imaging spin filter such as Au/Ir(0 0 1) is combined
with the momentum microscope, spin polarization at each (kx,ky)
can be experimentally measured. Since the spin detection efficiency
becomes N (number of total (kx,ky) channels) times larger than f0,
2D spin detection efficiency F2D can easily be more than 5 orders
of magnitude higher than the case of single channel detection by

a Mott detector and more than 3 orders of magnitude higher than
the spin detection by a Fe(0 0 1)-p(1 × 1) O detector. Although the
measurement of SP-ARPES by use of W(0  0 1) and/or Au/Ir(0 0 1)
detectors has been performed from 6 eV up to low h" soft X-ray
region so far, there is no essential difficulty to extend its use to high
h" soft X-ray region and even to the hard X-ray region. Even though
the photoionization cross sections of various orbits decrease dra-
matically with h" beyond few hundreds eV as explained in Sections
3 and 4, the high F2D of this type of instrument will overcome this
difficulty and enables one to do a high accuracy SP-ARPES in the
soft X-ray and hard X-ray regions.

Nowadays, the difference between the spin polarization in the
initial state and the photoelectron spin is under a hot debate [105].
Therefore full utilization of the polarization of the incident light (left
and right-handed circularly polarized light as well as two orthog-
onally polarized lights) of the synchrotron radiation and the lasers
will be required for detailed studies. Although the angle of inci-
dence of the excitation light has often been not normal to the
sample surface and off the axis of the input lens attached to the
electron energy analyzer, one can even excite the photoelectrons
under normal incidence, i.e., parallel to the input lens axis, in the
case of the instrument described in Fig. 20. With the high symmetry
of such experimental setup, the effect of photo- excitation to the
photoelectron spin will simply be clarified, and the genuine initial
state spin will be experimentally revealed.

In the future, the full three-dimensional (3D) and simultaneous
detection of (EB, kx, ky) by the combination of momentum micro-
scope, ToF energy analyzers and imaging spin filter will boost the
efficiency by another 1–2 orders of magnitude, and spin resolved
band structure measurements will be finally as efficient as today’s
best performing spin-averaging experiments. Instruments using a
ToF energy analyzer are useful for pulsed light sources with short
pulse width, facilitating dynamical studies of the electronic struc-
ture, including the electron spin. On the other hand, dispersive
imaging energy filters, such as the double HDAs, are extremely use-
ful for CW or quasi-CW light sources, where spin resolved studies
with high energy and momentum resolution become possible. A
new era of spin resolved photoelectron spectroscopy will be started
soon and detailed full information on electron spin in the form of
Px,y,z(EB(kx,ky,kz)) will become available for many materials, pro-
moting the nanospintronics in the near future.
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8.5. The efficiency of multi-channel and imaging spin-filters

The most important reason to use imaging- or other multi-
channel spin-filters is to realize a high gain in efficiency that speeds
up the collection of spin-resolved data. It is of course interesting to
quantify the gain in efficiency, comparing different kinds of detec-
tors. For single-channel detectors, the efficiency is expressed by the
figure-of- merit, f0 = S2I/I0. This number can be interpreted as the
rate at which experimental data points are collected, compared to
the collection of one spin-averaged data point with the same statis-
tical error. Namely, the acquisition time of a single data point needs
to be increased in the spin-resolved experiment. For instance, when
a spin-averaged data point is acquired in the time t0, acquisition of
the spin-resolved data point takes a time t = t0/f0. The figure-of-
merit is usually a small number f0 = 10−4–10−2 for single-channel
detectors.

When we replace the single-channel detector by a large number
(N) of (virtual) detectors, each of this N detectors will acquire one
data point during the time t. While each of the channels is char-
acterized by the respective single channel efficiency f0, the rate at
which experimental data points are collected is increased by the
factor of N. Therefore, the efficiency F2D of the imaging detector was
defined as the rate at which data points are collected: F2D = (t0/t) N.
With f0 = t0/t from above, we can write this 2D detection efficiency
as:

F2D =
〈
f0
〉
N, (8.5)

where ⟨f0⟩ denotes the average f0 over the complete image. We
note that a single- channel detector with N = 1 will have a detection
efficiency of F2D = f0. Therefore, we can directly compare the effi-
ciency of different detectors to record a 2D data set. For instance,
the measurement of a 2D intensity distribution–which can be a
EB(kx,ky) map, or a (EB,!) distribution, or a PEEM image—using a
detector with F2D = 8 [86] is 8 × 104 times faster than the measure-
ment of the same image using a Mott detector with f0 = 10−4 in
scanning mode. We  note that this comparison assumes that the
single-channel detector is set to the same resolution as for the
measurement with the 2D detector. In a practical case, however,
the low efficiency of a single-channel detector usually requires a
compromise in resolution setting in order to perform the realistic
measurement. Therefore the use of an imaging spin-filter will result
in a much higher resolution, under practical conditions.

The channel number N should be understood as the number
of statistically independent data points that are collected within
one image. For instance, in Ref. [87], 64 points in the ! coordinate,
and 17 points in the energy scale were resolved simultaneously,
resulting in N = 1044. In Ref. [86], 70 points over the diagonal of a
PEEM image were resolved, which results in N = 3800 in the circular
field of view. As a general expression, the number of channels in an
n—dimensional dataset can be written as:

N =
n∏

i=1

"Xi〈
dXi

〉 · ˝,  (8.6)

where "Xi is the simultaneously acquired interval along the coor-
dinate axis Xi (this can be one of E, !, x, y, kx, ky, etc.), and ⟨dXi⟩
is the average resolution along this axis. The total N is derived by
multiplying the point numbers of the individual multichannel coor-
dinate axes Ni for i = 1 to i = n. The additional factor  ̋ accounts
for the shape of the image, i. e., 1 for a rectangular field of view,
#/4 for a circular field of view, etc. This consideration shows that
a detection efficiency, FnD, can as well be defined for other multi-
channel detectors. Examples are one-dimensional detectors like the
ToF type [93,94], or 3D detectors like a combination of ToF with an
imaging spin-filter [104].

9. Conclusion and prospect

By today, conventional ARPES spectrometers are based on a sin-
gle HDA, where a 2D detector simultaneously records the binding
energy EB and emission angle ! along a certain direction. After con-
verting ! to the surface parallel momentum kx,y, the band dispersion
is obtained along one crystal axis. In addition to the numerical treat-
ment of the data to obtain kx,y from !, a major limitation of this
conventional approach is that large regions of the surface Brillouin
zone in the (kx,ky) plane cannot be easily covered. Such measure-
ments usually require time-consuming mechanical rotation of the
sample or analyzer, and accuracy and reproducibility as well as
maintaining a fixed position of the focused photon beam on the
sample pose major experimental challenges.

The concept of momentum microscopy, as discussed in Sec-
tions 7.1 and 7.2, uses a different approach than the conventional
ARPES: Based on the electron optical properties of a PEEM lens,
electrons emitted from the sample surface in all directions are
simultaneously collected, and imaged on the 2D detector. These
“momentum images” are always scaled linearly in the kx and ky
coordinates, and represent a direct view of the reciprocal space,
for instance, as a section through the Fermi surface of the sample.
As no mechanical movements of the sample are required, more
than the complete surface Brillouin zone can be simultaneously
covered in a single acquisition, keeping the beam spot exactly at
the same sample position, and enabling experiments with high spa-
tial resolution. The selection of EB is accomplished by an imaging
energy filter, which is commonly an S-type arrangement of two
HDAs. By scanning the exit electron energy, EB(kx,ky) maps can be
obtained with high k resolution of <5 × 10−3 Å−1 and high energy
resolution of 12 meV  over a wide energy- and momentum-space
owing to the low image aberration. As a great advantage of this
type of instrument, the momentum resolution does not become
worsened even when the h$ is increased to soft and hard X-ray
regions. Also many other types of imaging energy filters can be
effectively used for momentum microscopy. A particular example
is the ToF analyzer which can be used in connection with pulsed
photon sources (e.g. laser, synchrotron radiation). In the case of ToF,
resolution better than 10 meV  can be expected. In practical terms,
the cost (size and weight) of a ToF analyzer is usually much cheaper
(smaller and lighter) than other imaging energy filters, and trans-
portation between synchrotron radiation facility and laboratory
becomes easier.

Although the detection of the photoelectron spin attracted many
scientists for more than half a century [4], the low detection effi-
ciency hindered its progress until recently till the high accuracy
and high efficiency detection of the momentum dependent spin
of photoelectrons became feasible. In order to compensate the
low detection efficiency, the spin measurement of the photoelec-
trons was  often performed without paying attention to the angular
(momentum) resolution in the initial stage. The figure of merit
f0 for the single channel spin detection was up to 10−4 for few
decades as shown in Fig. 28, where the evolution of the spin detec-
tion efficiency of various detector technologies over the past 5
decades is illustrated. The effective detection efficiency of the con-
ventional single channel or 0D (zero-dimensional) detectors, like
Mott, SP-LEED, or exchange scattering detectors, is equal to their
Figure of merit, f0. For multichannel detectors like the 1D ToF-
or 2D imaging-spin detectors, the effective efficiency is the mul-
tichannel efficiency, F1D or F2D. We note that the efficiency of spin
detection has increased by more than 5 orders of magnitude since
the first introduction of Mott detectors to photoemission spec-
troscopy. Mott detectors, which have the lowest efficiency among
these detectors are still the most commonly used type of spin detec-
tor in electron spectroscopy. The reason is their stable operation
for a long period without deterioration and ease of use. Up to now

[28]. In contrast to a conventional ARPES experiment, all electrons
that are emitted from the sample into the complete half space are
collected by the accelerating electric field between the sample and
the microscope objective lens. In this case, the two image co-
ordinates on the detector do not correspond to emission angles,
but to the more meaningful transverse momentum, k∥ , of the
emitted electron. In this early work, the energy of the photoelec-
tron was fixed to the Fermi edge, limiting the practical use. More
recently, a more versatile proof-of-principle of such ”momentum
microscope“ was introduced [29]. This instrument combined a
typical PEEM column, as was already used in Ref. [28], with an
hemispherical energy analyzer that compensates the α

2 aberra-
tion, enabling the fast acquisition of the three-dimensional
(k k E, ,x y ) band dispersion. In particular, the data beyond high-
symmetry directions provides valuable input for quantitative
theoretical models. For instance, the comprehensive data sets al-
low us to analyze the effect of band renormalization in photo-
emission theory [30]. The fixed photoemission geometry gives
further direct access to symmetry dependent effects and dichro-
ism [31]. The combination of such a photoelectron microscope
with an imaging spin filter already showed that several thousand
spin-resolved points can be recorded in an energy filtered micro-
scope image [32,33], making this measurement scheme a pro-
mising choice for high-resolution photoemission experiments.

In this paper, we present the first measurements conducted
with a new spin-resolving momentum microscope, designed to
combine high-resolution momentum resolved bandstructure
imaging, with the extremely high efficiency of an imaging spin
filter. While the previous generation instruments only had limited
resolution in the energy- and momentum coordinates, each being
at least one order of magnitude behind that of conventional ARPES
setups, we demonstrate that this is not a fundamental limitation of
the momentum microscopy principle. We underline this with
benchmarking measurements of the electronic structure of a Au
(111) single crystal, which represents an ideal test case for the
performance of the momentum microscope. Using an imaging
spin filter based on the specular reflection of low-energy electrons
from a Au/Ir(100) target [34], the spin-texture of the Rashba-split
surface state is measured. Our results demonstrate that the Au
(111) surface state serves as an ideal reference for the resolution
and calibration of an imaging spin filter.

2. Description of the momentum microscope

Fig. 1a shows the outline of the momentum microscope system.
The most important component is the cathode lens that is formed
by the surface of the sample (cathode), kept near ground potential,
and the anode at a positive potential. Electrons that are emitted
into the complete solid angle above the surface are accelerated
towards the anode, and enter the momentum microscope imaging
column under a finite angle. This principle allows us to measure
emission angles up to 790°. The maximum value of the parallel
momentum that can be found at a given kinetic energy is limited
by the vacuum cut-off, determined by the dispersion relation of
the free electron

k E , (1)
max β= ·∥

where =m2 /e 2β = , and E is the kinetic energy of the emitted
electron directly above the sample surface.

As the cathode formed by the sample is part of the electron
optical system, the mechanical alignment with respect to the an-
ode and the electron optical axis is critical. Therefore, our sample
stage is based on a hexapod manipulator that provides alignment
in six degrees of freedom. A commercial helium flow cryostat was

mounted directly on the hexapod and is moved together with the
sample. By measuring the temperature using a silicon diode
mounted at the surface of a ”dummy“ sample, we found a mini-
mum temperature of 18 K.

Energy filtering of the photoelectrons is accomplished by a
combination of two hemispherical deflection analyzers (HDAs).
Each hemisphere has a mean radius of r0¼150 mm and was
modified from a commercially available electron spectrometer
(PHOIBOS 150, Specs GmbH). Electrons that pass the entrance
plane of the first analyzer are deflected in the spherically sym-
metric 1/r potential, and have the largest energy dispersion after a
deflection of 180°. The image obtained in the exit plane of the first
HDA is energy dispersed and subject to the α

2 aberration [23]. An
effective refocusing of the electron trajectories was described in
Ref. [35] by using an electrostatic lens to couple the trajectories to
the entrance of the second HDA, such that an effective 360° de-
flection path is realized. The same principle was also used in
previous work [29] and is described in detail in Refs. [36,37]. In
short, the solution for a 360° deflection in the spherical 1/r po-
tential is a well-known problem in classical mechanics and leads
to closed trajectories (Kepler ellipses). By this symmetry, electron
trajectories are refocused in the exit plane of the second HDA to
the same spatial and angular coordinates as was the starting point
in the entrance plane of the first HDA, transmitting the full image
information.

Fig. 1b shows the electron optical principle of the momentum
microscope imaging column with simulated electron trajectories
between the sample and the entrance plane of the first HDA at a

a

b

Fig. 1. (a) Outline of the momentum microscope system, consisting of He-cooled
sample stage, imaging electron optics, two hemispherical analyzers, and detection
branches for spin-integral and spin-filtered imaging. The Ir(100) crystal can be
inserted/retracted after the 2nd HDA. (b) Detail of the momentum microscope
optics with schematic arrangement of electrodes and trajectories of 16 eV electrons
emitted from the sample.
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a b s t r a c t

We present a spin resolving “momentum microscope” for the high resolution imaging of the momentum
distribution of photoelectrons. Measurements of the band structure of a Au(111) single crystal surface
demonstrate an energy resolution of E 12 meVΔ = and a momentum resolution of k 0.0049 A

1
Δ = ˚

∥
−
,

measured at the line-width of the spin–orbit split Shockley surface state. The relative accuracy of the k∥

measurement in the order of 10 A4 1˚− −
reveals a deviation from the ideal two-dimensional free electron

gas model of the Shockley surface state, manifested in a threefold radial symmetry. Spin resolution in the
full momentum image is obtained by an imaging spin-filter based on low-energy electron diffraction at a
Au passivated Ir(100) single crystal. Using working points at 10.5 eV and 11.5 eV scattering energy with a
completely reversed asymmetry of 760% we demonstrate the efficient mapping of the spin texture of
the Au(111) surface state.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Photoelectron spectroscopy has evolved in the past decades as
a powerful tool to understand the electronic properties of solid
state systems [1]. Specifically, angle-resolved photoelectron spec-
troscopy (ARPES) aims at the measurement of the valence elec-
tronic structure and band-dispersion near the Fermi energy. Ex-
perimental work is abundant and covers almost all areas of
modern solid-state and surface physics, like strongly correlated
electron systems, high temperature superconductivity, and topo-
logical insulators [2–7]. While the spin of the electron is decisive
in all of these subjects and spin resolved studies regularly provide
important new insights into the underlying physics, the spin of the
electron is still only poorly accessible. The reason is the inherently
low efficiency of electron spin detectors, as the measurement of
the spin of a free electron in an “ideal” Stern–Gerlach type filter is
not allowed by quantum mechanics.

A primary example that documents the progress in spin- and
angle-resolved photoemission, since the pioneering experiments
[8–10], is the emission of polarized electrons from a nonmagnetic
surface. One such system that additionally requires high energy
and angular resolution is the Rashba splitting of the Shockley
surface state of Au(111) [11–13]. Beside being a frequent test case
for high resolution ARPES, the spin texture of the surface state
consists of two concentric rings with a high degree of spin

polarization [14]. Since the first spin resolved measurements
[15,16], it became widely used as a reference in spin resolved
ARPES, and recently, for understanding peculiar symmetry in-
duced relationships between ground-state- and photoelectron-
spin [17–20]. Still, improved experimental and theoretical work
reveals limits of the widely accepted picture of the idealized two-
dimensional electron gas and the Rashba model [21,22].

On the experimental side, modern hemispherical electron en-
ergy analyzers employ a two-dimensional detection scheme to
meet the requirements of high resolution spectroscopy. An ima-
ging detector, placed in the open exit plane of the analyzer,
measures the emission angle and the energy, simultaneously. Due
to the α

2 aberration term inherent to this type of analyzer [23], the
ultimate resolution can only be achieved by the restriction to a
small volume in phase space. By contrast, most spin detectors used
today can only measure one energy- and angular channel at a time
[24]. Consequently, a spin-resolved photoemission experiment
requires a significant trade-off in resolution. A few recent im-
provements try to increase the efficiency of the single channel
detection, i.e. by exploiting exchange scattering, such that angle
resolved experiments in principle became feasible [25,26]. Only
recently, two-dimensional spin detection became available for
hemispherical analyzers, based on the image conserving reflection
of electrons at a crystal surface, resulting in a drastic reduction of
measurement time [27].

A different approach for the simultaneous measurement of a
two-dimensional photoelectron distribution was introduced by
Kotsugi et al. using a photoelectron emission microscope (PEEM)
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FIG. 1. Frequency-up-conversion stages for VUV light
generation. The fundamental light !1 from the Choerent
Monaco is doubled in a type-I BBO crystal. Second harmonic
!2 and fundamental !1 are summed in a type-II BBO crystal
to generate the third harmonic !3 at 345 nm. The last fre-
quency conversion stage is a THG process in Xenon gas, to
obtain the ninth harmonic !9 VUV light at 115nm (10.8 eV).

[17]. This means that, when the expected third harmonic
falls in that range (i.e. the driving wavelength is in the
range 340.5 - 351 mm), an e↵ective phase-matched THG
can occur [18]. Nowadays high-power and high-repetition
rate Yb:fiber-based lasers are very common in optics lab-
oratories. Such systems have an output wavelength of
!1 ' 1035 nm and, by means of standard BBO crystals,
it is possible to obtain its third harmonic at !3 = 345 nm,
that is a suitable driving wavelength for phase-matched
THG in Xenon (see Figure 1). Hence, starting from laser
systems with output at 1035 nm, it is possible to gen-
erate the VUV ninth harmonic (!9) of the fundamental
wavelength with an e�ciency of the order of 10�4-10�5

[13]. Here below we describe the layout of an experimen-
tal system for time-resolved ARPES at 10.8 eV, as shown
in Figure 2.

B. Experimental Layout

The fundamental light used to generate the VUV 10.8
eV photons is the output at 1035 nm (1.19 eV) of a Co-
herent Monaco 1035, a femtosecond Yb:fiber-based laser
that generates pulses of 290 fs and energy of 40 µJ, with
a base repetition rate (r.r) of 1 MHz and 40 W of power.
This corresponds to an energy/pulse of 40 µJ. In this
condition, the r.r. can be set by a pulse-picker, down to
single-shot operation. Alternatively, the r.r. can be in-
creased up to 50 MHz, at the expense of the energy/pulse.
The fundamental light !1 first undergoes a frequency
doubling in a 2.5 mm thick type-I BBO crystal, cut at an
angle of ✓ = 23.3�, to generate photons at 517 nm (2.39
eV) with an e�ciency of 50%. The beams at !1 and
!2 enter collinearly in a type-II BBO crystal for a SFG
process to generate the third harmonic !3 of the funda-
mental at 345 nm (3.59 eV). The thickness of this crystal
is 1.7 mm and the cut angle is ✓ = 32.3�. The total e�-
ciency of third harmonic generation is 20%. The choice

of a type-II crystal simplifies the design since the pulses
duration is ' 300 fs. Hence, the time separation between
the fundamental and the second harmonic accumulated
in the first crystal is negligible, thus avoiding any need
for delay compensation. The third harmonic !3 at 345
nm is then cleaned from the lower harmonics through a
series of wavelength separators reflecting 345 nm light.
The THG beam is then driven on a fused silica lens (L)
of 100 mm focal length that focuses the light in a small
cell (ambience A) filled with Xenon gas (at a pressure of
160 mbar). Here, through a THG process, the ninth har-
monic !9 at 115 nm (10.78 eV) is generated. After the
generation the VUV light must travel either in vacuum
or nitrogen purged ambiences because its wavelength is
absorbed by the air components. The isolation between
the gas cell and the next refocusing chamber (ambience
B) is guaranteed by a LiF wedged exit port which has an
absorption threshold at around 120 nm and has a trans-
mittivity of ⇠ 20% at 115 nm. The wedged window has
an apex angle of 5� and works as a dispersive prism to
separate the ninth harmonic from the third harmonic.
The refocusing chamber is purged with a constant flux
of nitrogen gas and it is pumped by a scroll pump to
keep a constant pressure of 30 mbar. This flux allows
to maintain the temperature of the exit LiF port under
control avoiding any heating e↵ect that a↵ects the trans-
mittivity of the window itself. After the separation the
VUV light at 10.8 eV is reflected back from a curved mir-
ror with a radius of curvature of 250 mm that has been
chosen to focalize the beam on the sample. A motorized
plane mirror finally drives the light inside the ARPES
chamber (ambience C). Both the curved and the plane
mirrors in the refocusing chamber have a specific coating
for VUV light. At the entrance of the ARPES chamber
a LiF viewport allows the refocusing chamber to be sep-
arated by the ultra-high vacuum ambience dramatically
simplifying the design of the system. The VUV light
hits the sample with an incidence angle ✓ = 30� with
respect to the sample normal. The hemispherical ana-
lyzer is a SPECS PHOIBOS with an energy resolution of
⇠ 26 meV. The sample is mounted on a six degrees-of-
freedom manipulator with x, y, z axis and polar angle ✓,
azimuthal angle  and tilt angle �. A polarizing beam-
splitter plate is used to obtain the pump path, whose
power can be tuned by a lambda/2 waveplate. On the
pump path, a mechanical translational stage controls the
time delay t between the pump and the probe pulses.

III. CHARACTERIZATION OF THE 10.8 EV
BEAM

A. Spot Size and Pressure Dependence

The negative dispersion of Xenon in specific energy
regions allows to have an e�cient THG because of fa-
vorable phase-matching conditions in the tight focusing
regime. The phase mismatch can be optimized by tuning
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FIG. 6. Dynamics of a 2-dimensional (EB , kx) map of Bi2Se3. We measured the dynamics of the 2-dimensional slice
(EB , kx) taken at the ky = 0 position of the map in Figure 5 after a 1.2 eV pulse excitation. In the top strip we reported the
photoemission intensity for four delays -1ps, +1ps, +2ps and +3ps in panels (a), (b), (c) and (d) respectively. The experimental
energy and momentum resolution allow to study separately the dynamical behaviour of the three main Bi2Se3 features TSS,
BCB and EG sketched in panel (e). For a more direct and prompt visualization of the e↵ect of the optical excitation on
the bands we reported the di↵erential maps at delays of +1ps, +2ps and +3ps in panels (f), (g) and (h) respectively. The
di↵erential map are obtained subtracting, from the respective spectra in the top strip, the equilibrium intensity at negative
delay in panel (a). The full relaxation dynamics taken for di↵erent positions in the di↵erential map are shown in panel (i) and
(j). The delay windows are set to cover the first 8 ps after the excitation. In panel (i) we reported the time traces taken 70 meV
above EF obtained with a (EB , kx) integration over an area identified by the coloured circles in panel (f). The di↵erent purple
shades refers to the relaxation dynamics of the three di↵erent bands. The same has been done for cut taken 70 meV below
EF (shades of yellow) and reported in panel (j). The three time traces in panel (i) and in panel (j) have been superimposed
(after a normalization) to highlight possible di↵erences, but their temporal evolution looks to be identical, suggesting common
relaxation mechanisms. Panel (k) shows the time trace obtained integrating over the area identified by the green rectangle in
panel (f). This trace has been used to extract the experimental time resolution after a fit of the data with the convolution of
a gaussian function and a single exponential function. The FWHM of the gaussian set the time resolution at ⇠ 700 fs.

interesting for its non-saturating magnetoresistance [33]
and the discovery of pressure induced superconductiv-
ity [34]. The electronic Fermi surface of this material is
characterized by the presence of electron and hole pock-
ets with a development in the (E, kx) plane along the �-X
direction as depicted in Figure 8(a). The green lines rep-
resents the bulk bands responsible for the electron pock-
ets while the blue ones for the hole pockets. The red
line identifies a surface state Fermi arc emerging out of
the bulk electron pocket in its immediate vicinity [35].
In panel (b) we show what happens to the WTe2 bands
once excited by a 1.2 eV optical pulse. It is well visible
the promotion of the electrons along the two branches
of the electron pocket with an higher intensity on the
right branch which feels the contribution of the surface
state. The hole pockets bands rejoin just above the Fermi
level as predicted by density functional theory calcula-
tions [35]. For a better visualization of the e↵ect of the
pump excitation on the WTe�2 bands, we reported in
Figure 8(c) the di↵erential map obtained subtracting the
ARPES intensity at negative delay from the pumped one.
This measurement proves that the photon energy of our

experimental setup allows to reach higher momenta (in
respect to the standard 6.2 eV ARPES setup) maintain-
ing a small tilt angle of the sample with great benefits on
the quality of the measurements.

V. DISCUSSION AND CONCLUSIONS

In this work we describe an experimental system for
time-resolved ARPES with probe photon energy of 10.8
eV, < 26 meV energy resolution, ⇠ 700 fs time resolution
and a repetition rate up to 4 MHz. The presented de-
velopment overcomes the momentum mapping capability
achievable with standard non linear crystal-based setups
and the low conversion e�ciency guaranteed by HHG
systems. The VUV light is generated, in phase match-
ing condition, as a third harmonic generation process in
Xenon, with an overall conversion e�ciency of ⇠ 10�4-
10�5. The phase matching condition is the favourable
combination of the use of the fundamental wavelength
at 1035 nm given by a Yb fiber-based laser (Coherent
Monaco) with the Xenon negative dispersion in the re-
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Figure 5.10: Fermi surface of optimally doped Bi2212 acquired by azimuthal scan, integrated in a 1
meV energy window around EF . The coloured marks indicate the angular extensions
of the two maps that have been merged together. The outer map requires a polar
rotation of the sample such that, for large angles (i.e. parallel momentum), a portion
of the photoemitted electrons impinges on the manipulator and cannot reach the
detector. Hence the outer red mark lies in a blind region. Black arrows indicate the
position of the two bands originating from bilayer splitting. The left panel shows a
sketch of the Bi2212 Fermi surface, with the bands visible in the map. The region
covered by the measurement is indicated in green.

5.2.2 Bi2212

The setup optimization performed in this work has eventually allowed to prove the
possibility of investigating the out-of-equilibrium dynamics at the antinode of Bi2212.

Nodal spectra have been acquired on optimally doped Bi2212, at base temperature of
110 K, at zero time delay from photoexcitation with a fluence of 50 µJ/cm2 (Fig. 5.10) at
a base temperature of 110 K. Two nodal cuts along the Fermi surface have been chosen,
crossing di�erent bands (see inset). The signal in the di�erential spectra is weak over
the noise, especially compared with the ones obtained on Bi2Se3, hence rendering such
measurements technically more challenging. This may also be partially ascribed to a non-
perfect overlap between pump and probe, which are non-collinear when entering the UHV
chamber and impinging on the sample. The abrupt increase in the count rate at the Fermi
energy is however larger than the noise, even at a visual inspection of the spectra. This
demonstrates that a non-equilibrium distribution has been actually created in the sample
by photoexcitation, and it is clearly detectable by the experimental setup employed. The
behaviour is similar for the two cuts, although they actually cross di�erent bands on the
Fermi surface. The acquisition time of such maps is particularly long, in order to have a
good signal to noise ratio. Acquisition of a complete dynamics on Bi2212 is challenging
at present, especially because the signal becomes weaker and is merged with noise as the
quasiparticle distribution relaxes back to equilibrium.

The capability of the presented setup to photoemit electrons from the antinodal region
of the cuprate Fermi surface is proven by the measurement reported in Fig. 5.10. The map
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Here we report on a novel High Harmonic Generation (HHG) light source designed for space charge free
ultrafast photoelectron spectroscopy (PES) on solids. The ultimate overall energy resolution achieved on a
polycrystalline Au sample is ⇠22 meV at 40 K. These results have been obtained at a photon energy of 16.9
eV with a pulse bandwidth of ⇠19 meV, by varying, up to 200 kHz, the photon pulses repetition rate and the
photon fluence on the sample. These features set a new benchmark for tunable narrowband HHG sources.
By comparing the PES energy resolution and the photon pulse bandwidth with a pulse duration of ⇠105
fs, as retrieved from time-resolved (TR) angle resolved (AR) PES experiments on Bi2Se3, we validate a way
for a space charge free photoelectric process close to Fourier transform limit conditions for ultrafast TR-PES
experiments on solids.

I. INTRODUCTION

Nowadays the expanding quest for studying the
physics of complex and quantum materials under non-
equilibrium conditions has prompted the development of
advanced ultrafast light soources, in order to tailor spe-
cific excited states and probing their electronic transient
properties. By HHG1–5 light sources, as well as free elec-
tron laser (FEL), it is possible to obtain radiation pulses
with photon energies extending from the extreme ultravi-
olet (EUV) to hard X-rays, with pulse durations ranging
from sub-fs to sub-ps, and fully polarized light. However,
while these sources are suitable for high peak brilliance
experiments, they show severe limits for ultrafast PES
on solids, where the photon density in the light pulses
and the light pulses repetition rate must be controlled in
order to reduce spurious e↵ects.

PES6,7 allows to measure, under perturbative condi-
tion, the spectral function resulting from the projection
of the final electronic states on the initial states of the
matter. In quantum and strongly correlated materials
the collective excitations and the quasi-particles interac-
tions will a↵ect the self-energy, hence the PES spectral
function, which features unveil the e↵ects of these many
body interactions on the kinetic energy and momentum
of the primary photoelectrons. By measuring the kinetic

a)Corresponding author: cucini@iom.cnr.it

energy and the momentum of the primary electrons, the
PES experiments can be extended to the reciprocal space,
therefore to the measure of the band dispersion, while
another degree of freedom of the photoelectron can be
observed by detecting its spin.
In the last two decades ARPES and spin resolved (SP)

ARPES have been extended to time domain in the sub ps
regime. Although very challenging, even today, these ex-
periments require stable photon pulses sources (in terms
of energy, polarization, intensity) with duration in the
range of 10-100 fs and with a controlled peak brilliance
and repetition rate. Hence, the number of photons, for
a fixed focal spot on the sample, has to be such that
space charge e↵ects are minimized, while compensating
the limited number of photoelectron per pulse by a repe-
tition rate as high as possible to provide the best signal-
to-noise ratio.
The ideal light source for time-resolved photoelectron

spectroscopy should respond to the following character-
istics: i) provide pulses with 103-104 coherent photons
per pulse in the energy range 6 eV-100 eV and with ⇠
100 fs time duration, in order to exploit favorable pho-
toionization matrix elements, while covering the full Bril-
louin zone of all materials; ii) be controllable in terms of
pulse power, pulse duration, and repetition rate; iii) al-
low tunability of the photon energy in a broad range 8–13;
iv) have repetition rate of several tens of kHz, up to
MHz 14–27, but compatible with the relaxation time of
the excited states, in order to avoid the thermal e↵ects
on the sample.

2

FIG. 1. Pump/probe setup: M, mirror; BS, beam splitter; SHG, second harmonic crystal; Bs, beam stopper; CBs, cone beam
stopper; L, lens; FM focalizing mirror; G, grating.

In particular, space charge28–30 can heavily a↵ect the
primary photoelectron kinetic energy and trajectory,
hence limiting the experimental resolution. This is the
most challenging problem in time resolved ARPES ex-
periments.

Here we report on a novel HHG source and setup, that
lays down a new benchmark in terms of repetition rate
(up to 200 kHz), photons per pulse (up to 106), pulse
duration (⇠ 100 fs) and an overall energy resolution for
time resolved ARPES of ⇠ 22 meV, as measured on a
polycrystalline Au at 40 K. The main characteristics of
this source are summarized in Table I. By comparing the
parameters in Table I with those of equivalent setups in
the literature 5,14,16,18–20,26,31–34, the HHG time resolved
ARPES described herewith below meets the state of the
art in the field.

At present, this HHG setup serves alternatively two
complementary end-stations devoted to advanced PES,
Spin Polarization measurements, and ARPES.

II. HHG SOURCE AND PHOTON BEAM OPTICS

A. The laser source

The source is a Yb:KGW-based integrated femtosec-
ond laser system (PHAROS, Light Conversion), charac-
terized by a turn-key operation and by high pulse-to-
pulse stability. The system produces ⇠300 fs pulses at
1030 nm, with a tunable repetition rate from single-shot
to 1 MHz. The average power is 20 W above 50 kHz.
The maximal energy-per-pulse, equal to 400 µJ, is avail-
able in the 0-50 kHz interval instead. At >50 kHz, the

Parameter Value

Photon energy (eV) 16.9

Rep. Rate (kHz) 200

�Eexp (meV) 22

�texp (fs) 300

�Eprobe (meV) 19

�tprobe (fs) 105

�tFT (fs) 96

TABLE I. Time and energy resolution performance: �Eexp,
experimental energy resolution, including optical elements
broadening and analyzer resolution; �texp, experimental time
resolution, measured as convolution between pump and probe
pulses; �Eprobe, harmonic bandwidth, after deconvolution of
temperature and analyzer contribution; �tprobe probe pulse
time duration; �tFT , estimation of Fourier transform pulse
duration, obtained considering a time-bandwidth product
⇡0.44

energy per pulse is determined by the actual repetition
rate setting; at 1 MHz, 20 µJ/pulse are available. Once
the fundamental repetition rate is set, the corresponding
energy/pulse is provided. From this condition, and us-
ing the laser-cavity Pockels cell, a lower repetition rate
can be set by pulse-picking of the pulses; this possibil-
ity preserves the energy/pulse and is particularly useful
for the optimization of non-linear optical processes, since
the same peak power is available but with a reduced ther-
mal load. The repetition rate tuning flexibility has direct
consequences on experiments, allowing to find the ideal
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FIG. 5. Fermi edge measured at 40 K for di↵erent laser repetition rates and photon energies. a) Fermi edge at 16.9 eV (7th

harmonic) measured at 50, 100, 200 kHz repetition rate; b) Fermi edge at 16.9 eV, 200 kHz, varying the energy per pulse of
the driving laser; c) 7th harmonic energy bandwidth measurement. Square black dots: experimental data. Solid blue line:
fitting curve used to extract the FWHM; d) Fermi edge at 21.7 eV (9th harmonic) measured at 50, 100, 200 kHz repetition
rate; e) Fermi edge at 21.7 eV, 200 kHz, varying the energy per pulse of the driving laser; f) 9th harmonic energy bandwidth
measurement.

FIG. 6. ARPES map acquired on Bismuth Selenide at T=120
K, and h⌫=16.9 eV (harmonics 7th).

exceeds 35 meV.

FIG. 7. Electron dynamics acquired in the pump-probe ex-
periment. Photoemission intensity has been averaged in the
green box overlaid on the ARPES map reported as inset,
which shows the di↵erential ARPES intensity collected at the
delay t=300 fs. The black line in the main panel is the fit to
the data (see main text for details). Blue line is the Gaussian
representing the pump-probe cross-correlation, as retrieved
by the fitting routine.

C. Harmonics Duration

In this section we report on the results obtained by
Angle-Resolved PES (ARPES) at equilibrium and out-of-
equilibrium, using the EUV high-harmonics as a probe.
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