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We report the observation of a net spin polarization in the n � 1 image-potential state at the Cu(001)
surface. The spin polarization is achieved by spin-selective multiphoton excitation of electrons from the
spin-orbit split Cu d bands to the image-potential state using circularly polarized ultrafast light pulses. We
show that by tuning the exciting photon energy, we can adjust the resonant coupling of the image-potential
state to d bands of different double-group symmetry. This allows us to tune the spin polarization injected
into the image-potential state.
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Optical manipulation of spins in magnetic [1–3] and
nonmagnetic solids [4,5] and their surfaces is of great
interest for ultrafast magnetism, spintronics, and quantum
information processing. The observation that magnetiza-
tion dynamics can be traced to single-electron spin-flip
processes [6] underscores the importance of addressing
elementary spin scattering processes to understand macro-
scopic phenomena like laser-induced demagnetization [7].
To this end, spin and time-resolved multiphoton photo-
emission [1,6,8,9] provides one of the most specific and
sensitive probes of electron-spin phenomena on the femto-
second time scale.

The strong coupling of spins in ferromagnetic materials,
however, can make the measurement and analysis of the
spin dynamics of excited electrons intrinsically difficult.
Spin dynamics can in fact occur through a superposition
of both magnetism-induced as well as magnetism-
independent processes, whose separate contributions are
sometimes difficult to address selectively. In this respect,
the investigation of spin dynamics by nonlinear photoemis-
sion would surely benefit from the availability of a source
of spin-polarized excited electrons at nonmagnetic sur-
faces. Spin-dependent transport and scattering at interfa-
ces, relevant to the operation of spintronic devices, could
also be studied in more detail.

It is well known that photoexcited spin-polarized elec-
trons can be produced at unpolarized targets, provided that
the incident light has circular polarization. Spin-orbit cou-
pling (SOC) in combination with optical selection rules
provides the mechanism by which electrons can be spin-
selectively excited. This forms the basis of various effects
related to optical spin orientation [10,11]. For one-photon
photoemission from metals, it has been demonstrated that
significant spin-orbit coupling leads to strong spin-
polarization effects of the photoelectrons even in a rela-
tively low-Zmaterial like copper [12]. The extension of the
optical spin orientation effect to multiphoton transitions in
solids would allow one to transiently spin polarize excited

intermediate states below the photoemission threshold
which in principle cannot be sensed by one-photon photo-
emission. Such a multiphoton excitation scheme can then
be directly exploited to study spin-dependent scattering of
excited electrons in solids.

In this Letter, we report the observation of large (40%)
spin polarization of the n � 1 image-potential (IP) state on
the Cu(001) surface by means of spin-resolved multipho-
ton photoemission. The spin polarization is achieved by
resonantly coupling the spin-orbit split Cu d bands with the
IP state via a multiphoton transition excited by circularly
polarized light. We observe that both the sign and the
magnitude of the IP-state spin polarization can be selected
by balancing the resonant coupling to different spin-orbit
split d bands. Our observation provides the basis for the
coherent manipulation and probing of the spin dynamics of
excited electrons at nonmagnetic surfaces.

The photoemission experiments were carried out in an
ultrahigh vacuum system (pressure <5� 10�11 mbar).
The ultrashort excitation pulses were provided by the
frequency-doubled output of a self-built Ti:sapphire oscil-
lator. The pulse central energy could be continuously
varied in the range of h� � 3:00–3:14 eV by tuning
the phase-matching angle of the frequency-doubling
80 �m-thick �-BaB2O4 (BBO) crystal. At the energy of
h� � 3:07 eV, the pulse length at the surface was� 20 fs,
and the pulse energy �1 nJ. Right- and left-circular (RCP,
LCP) and linear polarization were set by a combination of
achromatic �=4 and �=2 wave plates. The laser beam was
focused to a spot of � 40 �m in diameter on the surface.
The angle between the incident beam and the axis of the
analyzer was fixed at 42� (Fig. 1). A clean and ordered
Cu(001) surface was prepared by standard sputtering and
annealing procedures. The optical plane was aligned par-
allel to the [100] direction. All the experiments were
carried out at 300 K.

The electrons photoemitted along the surface normal
were analyzed by a cylindrical sector analyzer (set to

PRL 98, 226601 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
1 JUNE 2007

0031-9007=07=98(22)=226601(4) 226601-1 © 2007 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.98.226601


150 meV energy resolution) coupled with a newly devel-
oped spin detector, based on very low energy electron
scattering on a magnetized ultrathin Fe=W�001	 film
[13,14] (Fig. 1). The spin detector included facilities for
W(001) crystal flashing, Fe film growth, magnetization
reversal of the Fe film, additionally allowing a non-spin-
resolved mode. The detector Sherman function was S �
�0:23
 0:02	, with excellent long-term stability as char-
acterized by constant reference measurements over typi-
cally two weeks without repreparation of the Fe film.

The basic principle underlying the multiphoton optical
orientation process for the Cu(001) IP state is shown in
Fig. 1. There we show the calculated relativistic band
structure of Cu(001) along the � line (after Ref. [15]),
pertinent to the normal-emission geometry, along with the
�� energy positions of the n � 0 surface resonance (SR) and
the n � 1 IP state [16]. One-photon transitions at energies
representative of the ones employed in our experiment are
depicted as the vertical lines. The spatial single-group and
the double-group symmetry character of the states involved
is denoted by superscripts and subscripts, respectively. It
can be clearly seen that the IP state can be populated from
initial states located in the d bands in the proximity of the X
point by a resonant excitation pathway proceeding via the
unoccupied sp band or the n � 0 SR [17]. The magnifica-
tion of the band structure in the region near the X point
(inset of Fig. 1) shows that the �5 band is spin-orbit split in
two bands with strong �5 spatial symmetry and �7 and �6

double-group symmetry, with reported binding energy dif-
ferences between 100 meV [12] and 130 meV [18], while a

�7 band with strong hybridization of �5 and �2 spatial
symmetry is present at about 100 meV larger binding
energy.

The relativistic selection rules for normal emission from
an fcc(001) surface dictate the final state symmetry to be
�1

6. Furthermore, RCP light couples spin-down (spin-up)
electrons from a �5

6 (�5
7) symmetry initial state to a �1

6

symmetry final state (and vice versa for LCP excitation)
[19]. This provides the basic mechanism by which oppo-
sitely spin-polarized photoelectrons are excited selectively
from the two spin-orbit split bands of different symmetry
to the unoccupied IP state. In our experimental geometry,
no asymmetry in photoelectron intensity (dichroism) is
expected for excitation with reversed helicity [20], and
the spin-polarization vector points in a direction very close
to the surface normal [21]. We will henceforth discuss the z
component of the spin polarization only.

The experimental observation of spin injection from
spin-orbit split d bands into the IP state is demonstrated
in Fig. 2. There, in the upper panel, we show two typical
spin-up and spin-down photoelectron spectra I" and I#,
measured with RCP incident light at h� � 3:02 eV photon
energy (dashed lines and solid lines, respectively). The
spin-resolved spectra are calculated from the measured
intensity asymmetry under reversal of the magnetization
direction of the Fe=W�001	 spin detector. The spin polar-
ization along the z direction for RCP (LCP) incident ra-
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FIG. 2. Top panel: Spin-up (dashed line) and spin-down spec-
tra (solid line) for RCP incident radiation at h� � 3:02 eV.
Bottom panel: Spin polarization for RCP (solid diamonds) and
LCP (open diamonds) incident radiation.
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FIG. 1. Left: Relativistic band structure of Cu(001) along the
� line (after Ref. [15]). The energy position of the n � 0 SR and
n � 1 IP state at �� is shown. Vertical lines represent photo-
induced electronic transitions at typical energies employed in
our experiment. The open circles at line termini represent the
spectral width of the excitation pulses. The inset shows a
magnified view of the spin-orbit split d-band region near the
X point. Right: Experimental setup in the normal-emission
geometry.
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diation is reported in the lower panel as solid (open)
diamonds. No detectable spin polarization was observed
for excitation with p-polarized light (not reported). In the
spectra, the two-photon photoemission (2PPE) Fermi edge
is clearly observable at 2h� � 6:04 eV, whereas the
prominent peak near 7.0 eV corresponds to three-photon
photoemission (3PPE) via the IP state [17]. A significant
spin polarization of up to 30% appears in the 3PPE region
at final state energies roughly between 6.5 and 7.5 eV,
including the IP-state photoemission peak. This demon-
strates the successful injection of a spin-polarized electron
population into the IP state. The observation that the
helicity reversal of the exciting light causes a sign change
of the spin polarization further confirms that the spin
polarization appears due to the multiphoton optical spin
orientation effect described above. We also notice that the
photoelectrons in the 2PPE part of the measured spectra
originate from the sp band just below the Fermi energy. As
can be seen from the relativistic band structure, these states
are not split by SOC, and accordingly, spin-selective exci-
tation is not observed.

We can strongly influence the multiphoton optical ori-
entation process by changing the excitation photon energy
and tuning the two-photon resonance between the d bands

and the IP state. In Fig. 3 we show the IP state spectral
region of spin-up and spin-down spectra (dashed lines and
solid lines, respectively) and corresponding spin polariza-
tions (solid symbols) measured at three different incident
photon energies with RCP light. The spectra are plotted
normalized to the IP-state intensity, whereas the spin-
polarization data are plotted with equal vertical scales.
When decreasing the photon energy from h� � 3:14 eV
(top curves) to h� � 3:00 eV (bottom curves), we observe
a systematic change of the IP-state spin polarization,
whose value swings from approximately �25% at h� �
3:14 eV to �40% at h� � 3:00 eV, passing through zero
at the intermediate energy of h� � 3:07 eV.

For a better understanding of the strong photon-energy
dependence of the IP-state polarization, we summarize in
Fig. 4 the results of a larger set of measurements, per-
formed at different photon energies with RCP incident
light. Defining the final state energy of the IP-state peak
as EIP, the initial state energy Ed of the d band electrons
populating the IP state is given by Ed � EIP � 3h�. In
Fig. 4 we report the photon-energy dependence of EIP

(top panel, open circles), Ed (middle panel, open squares),
and the corresponding spin polarization at the IP-state peak
(bottom panel, solid diamonds). The solid black lines are
linear fits to the photon-energy dependence of EIP and Ed.
The energies EIP and Ed exhibit a linear dependence on the
photon energy, with respective slopes of 1:1
 0:1 and
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FIG. 3. Spin-up (dashed line) and spin-down (solid line) spec-
tra, respectively, measured with RCP light for three different
exciting photon energies (top to bottom: 3.14, 3.07, and 3.00 eV).
Symbols: Corresponding spin polarizations obtained from the
experimental spectra. Dash-dotted lines are guides to the eye.
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�1:9
 0:1. This is expected, since the IP state acts as the
penultimate state in a three-photon process (see Fig. 1).
The energy of the IP state, which defines the resonance
condition for a particular photon energy, is fixed relative to
the vacuum level and does not disperse with perpendicular
momentum. Therefore, increasing the photon energy by
�h� near resonance also increases the final state energy
EIP by �h�, whereas the initial state energy Ed has to
decrease by �2�h�. Accordingly, increasing the photon
energy from h� � 3:00 eV to h� � 3:14 eV tunes the
initial state binding energy from approximately 1.95 to
2.25 eV. This tuning range covers the region of spin-orbit
split d bands shown in the inset of Fig. 1.

The evolution of the IP-state peak spin polarization in
Fig. 4 from�40% to�25% with increasing photon energy
can therefore be ascribed to the tuning of the resonance
conditions between each of the individual spin-orbit split d
bands and the IP state. At lower photon energies, the �5

7
band lies closer to resonance with the IP state than the �5

6
band, and a positive spin polarization of �40% is accord-
ingly observed. With larger photon energy, the �5

6 band
increasingly contributes in the two-photon resonance with
an opposite spin polarization. This lowers the net spin
polarization at the IP-state peak, which reaches zero for
h� � 3:07 eV. Increasing the photon energy further to
h� � 3:14 eV, the �5

6 band resonance finally dominates
and the sign of the IP-state spin polarization is accordingly
reversed. The lower observed value of spin polarization for
excitation from the �5

6 band can be ascribed to the con-
tribution arising from the �7 band at higher binding en-
ergy, which shows partial �5 character due to hybridiza-
tion [12].

The values of spin polarization that we observe in our
multiphoton experiment are in close agreement with the
ones observed in one-photon experiments from Cu(001),
where a �45% and �25% spin-polarized signal originat-
ing from d bands, respectively, at 1.9 and at 2.3 eV binding
energy was measured with h� � 11 eV photons [12]. Such
close agreement suggests that in our experiment the spin
polarization is generated within the �5

6�7	 ! �1
6 one-

photon transition that couples the initial spin-orbit split d
bands to either the unoccupied sp bands or the n � 0 SR,
whereas the subsequent transitions, coupling states all of
�1

6 symmetry, transfer spin polarization into the image-
potential state and, finally, to the photoemitted states.
Although very similar spin polarizations are observed in
the two experiments, we have to point to characteristic
differences. Off-normal light incidence will cause a dete-
rioration of the pure circular polarization inside the metal,
and it also will allow unpolarized contributions from �1

6
initial states [21]. The close agreement of our spin-
polarization values with respect to Ref. [12] suggests that
these influences are effectively small. A quantitative de-
scription of the observed spin polarizations requires the
calculation of transition matrix elements using realistic
wave functions and taking into account the dynamics of

the spin-dependent multiphoton photoemission process,
which is clearly beyond the scope of this Letter.

In conclusion, our experiment demonstrates the possi-
bility of injecting spin-polarized electrons into excited
states at nonmagnetic surfaces, and it proves that the spin
polarization can be adjusted by selecting the appropriate
excitation energy. With its straightforward application to
pump-probe experiments, this multiphoton optical orienta-
tion process opens the way to address directly in the time
domain the ultrafast spin dynamics and spin transport in
the absence of relaxation processes influenced by magne-
tism. For the specific case of Cu(001), the relatively long
coherence time of the n � 1 IP state [22] and d-band holes
[18] (>30 fs) could even allow a coherent manipulation of
electron spins at metal surfaces by suitable ultrashort laser
pulses [23]. Finally, the complete generality of the spin-
injection principle here reported suggests that the outlined
method could be applied to a large variety of materials
other than copper, thereby significantly broadening the
field of possible investigations and applications.
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