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In an interferometric pump-probe experiment, we demonstrate the phase tuning of the spin polarization
of photoelectrons emitted in a three-photon process from Cu(001). A phase shift of � between delayed
ultrafast circularly polarized light pulses can switch the spin polarization from �20% to �40%. In the
delay regime of overlapping pulses, we show the dominating role of optical interference effects in
determining the spin polarization. For longer delays, we detect the influence of the coherent material
response, manifested in both the final state electron population as well as the final state spin polarization.
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The interaction of circularly polarized light with elec-
tronic states that are influenced by spin-orbit coupling
provides a mechanism for selective excitation of spin-
polarized electrons in nonmagnetic and magnetic solids.
This type of interaction bears close analogy to the effect of
a magnetic field, and it enables the control of magnetic and
other spin-dependent phenomena by optical means on time
scales of the order of the applied laser pulse lengths and
electron-hole pair dephasing times in solids and at solid
surfaces. For example, a method of all-optical magnetic
recording using circularly polarized 40 fs laser pulses has
recently been demonstrated [1]. The successful application
of the spin degree of freedom in future spintronic devices
[2] equally relies on a fundamental understanding of how
to create and manipulate spin-polarized electrons—poten-
tially on ultrafast time scales.

From a fundamental point of view, a particularly direct
way to study the relevant mechanisms is to optically excite
unoccupied electronic states and then detect spin-polarized
photoelectrons emitted from crystalline surfaces. Using
nonlinear photoemission in a pump-probe configuration,
one can gain access to the electron and spin dynamics in
excited states [3–8]. It clearly would be of fundamental
interest to elucidate mechanisms by which not only the
number but also the spin of the emitted photoelectrons
could be influenced by the relative optical phase of two
excitation pulses. Ultimately, this could also allow the
generalization of the recently demonstrated all-optical
control of charge currents on surfaces [9] to spin-polarized
surface currents. The steering of the electron’s spin, charge
and spatial degrees of freedom at surfaces could then be
observed directly by spectroscopic and imaging techniques
based on photoemission [10–12] to allow fundamental
insights, which are relevant in the ineluctable convergence
of the optical, electronic and spintronic technologies on the
nanometer scale.

In this Letter, we show that the spin-polarized photo-
emission from the Cu(001) surface can be controlled by

interferometrically changing the delay between two circu-
larly polarized ultrashort optical pulses. We exploit a two-
photon resonant transition [13] to selectively populate the
n � 1 image potential (IP) state with spin-polarized elec-
trons originating from the spin-orbit split Cu d-bands [14]
and then detect the IP state population and spin polariza-
tion by a third photon. Comparing the time-resolved three-
photon photoemission (3PPE) signal with a simultaneous
measurement of the surface second-harmonic generation
(SSHG) signal, we show that the spin-polarized photo-
emission is influenced by the effective optical excitation
spectrum and by the quantum-mechanical response of the
excited system.

The experimental setup is schematically pictured in
Fig. 1. We have described most of the experimental details
previously [13,14]. In the present study, the ultrashort
excitation pulses (h� � 3:00 . . . 3:14 eV, pulse length
<20 fs, pulse energy �1 nJ) were split into equal pump
and probe replicas in a stabilized scanning Mach-Zehnder
interferometer. The delay could be kept stable with an
accuracy of �=25. The electrons photoemitted along the
surface normal were analyzed angle-resolved by a cylin-
drical sector analyzer coupled with a spin detector based on
very low energy electron scattering on a magnetized ultra-
thin Fe=W�001� film. The analyzer energy resolution was
set to 100 meV. To determine the laser pulse autocorrela-
tion, simultaneously with 3PPE, we measured the surface
SHG signal from the Cu(001) sample using a prism assem-
bly to separate the SHG signal from the fundamental light
before detection with a photomultiplier tube (Fig. 1). A
clean and ordered Cu(001) surface was prepared by stan-
dard procedures. The optical plane was aligned parallel to
the [100] direction.

In Fig. 2(a) we show the relativistic bulk band structure
of the Cu(001) surface along the surface normal (�X)
direction, whereas a simplified level scheme accounting
for the mechanism of spin-polarized 3PPE [14] is reported
in Fig. 2(b). According to optical selection rules, oppo-
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sitely spin-polarized electrons can be excited by circularly
polarized light from the d bands of Cu with �7 and �6

symmetry. The two-photon resonance between these initial
states, the intermediate unoccupied sp-band, and the pe-
nultimate n � 1 image potential state in the 3PPE process
governs the distribution of spin-polarized electrons at the

final state energy. As can be seen in Fig. 2(b), two different
resonances take place at photon energies h�1 and h�2. This
leads to the features A and B in the photoelectron spectrum
shown in Fig. 2(c). The separation of 150 meV between A
and B is determined by spin-orbit coupling, which causes
the splitting of the �7 and �6 bands. Because the pulses
have a spectral width of 170 meV, both resonances of
opposite spin polarization are excited simultaneously
weighted by the spectral distribution of excitation frequen-
cies. In principle, the spin polarization detected via the IP
state as a function of pump-probe delay can change due to a
combination of spin-dependent excitation effects and spin-
dependent scattering in the excited state. With measured
values of the spin-flip lifetime in bulk copper of about 10 ps
[15] we can expect that spin-flip processes in the excited
state are not significant in our measurements.

The time-resolved experiments can be carried out in two
ways. Measuring the photoelectrons at a fixed energy as a
function of delay between the pulses gives an interfero-
metric two-pulse correlation (I2PC) signal, while measur-
ing the photoelectron intensity at fixed pulse delays as a
function of photoelectron kinetic energy gives the corre-
sponding energy and spin polarization control spectra. We
will begin by discussing the observed spin polarization for
pulse delays up to about 15 fs (Fig. 3). At these delays, the
pulses are overlapping significantly so that the optical
interference of the electromagnetic fields of the two con-
stituting pulses dominantly determines the measured signal
[16]. As a function of pulse delay, this results in interfer-
ence maxima spaced in time by the duration of an optical
cycle.

In the top part of Fig. 3, we report the spin polarization
measured at the final state energy of 6.95 eV above the
Fermi energy EF with h� � 3:04 eV, as a function of the
pulse delay. Each data point for the spin polarization is
shown in a gray scale corresponding to its statistical error,
where black points correspond to the minimum error. Data
points on the white end of the scale are effectively sup-
pressed, as they fall in the regions of destructive interfer-
ence where the count rate is too low for a statistically
significant result. The spin polarization exhibits dramatic
oscillations with a frequency of about 1:3 fs�1 which
corresponds to an optical cycle. Starting from about
�10% at zero delay, the amplitude of the polarization
oscillations also grow larger in intensity, reaching values
ranging from �40% to �20% for delays between 10 and
15 fs.

Additional insights into this oscillating behavior can be
gained by measuring spin-resolved photoelectron spectra
at selected fixed delays within one representative optical
cycle. In the bottom part of Fig. 3, we therefore report the
intensity spectra (hatched areas) and the corresponding
spin polarizations (markers) obtained for delays near 11
optical cycles, along with the reference zero-delay results.
Whereas the spin polarization spectrum at zero delay per-
fectly agrees with our previous study [14], marked changes
are observed in the spin polarization spectra for the chosen

FIG. 2 (color). (a) Relativistic band structure relevant to nor-
mal emission from Cu(001), (b) Qualitative excitation scheme
for spin-polarized 3PPE using pulses with a frequency spectrum
covering �1 and �2 (�� right circular polarized light), (c) 3PPE
resonance peak measured in a non-spin-resolved experiment
with higher energy resolution directly showing the spin-orbit
splitting of the two resonances A and B.

FIG. 1. Experimental setup for interferometric control of spin-
polarized electron populations in multiphoton photoemission.
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values of pulse delay. In agreement with the upper part of
the figure, at 6.95 eV final state energy we observe a spin
polarization near �20% for 10.75 cycles and �40% near
11.25 optical cycles delay. The connection to the upper part
of the figure is made by the colored symbols in both parts
of Fig. 3.

The dramatic changes in the spin polarization spectra
become clear when we compare the spin-averaged inten-
sity spectra for different delays. It can be seen in fact that at
zero delay, the spin-averaged intensity spectrum (gray
spectrum in bottom part of Fig. 3) is relatively broad,
caused by the nearly equal excitation of the A and B
resonances by our ultrashort pulses with an extended fre-

quency spectrum. When the two pulses are delayed by less
than their pulse width and thus still significantly overlap-
ping, their superposition can be effectively viewed as a
single, longer pulse, whose amplitude and frequency struc-
ture is determined by the interference of the overlapped
pulses. For delays of only one or two optical cycles, the
pulses are still almost completely overlapping. This leads
to almost total destructive and constructive interference of
all frequency components, causing the high interference
contrast near zero delay in the I2PC curves in the upper
part of Fig. 3. The spin polarization is only mildly influ-
enced at these very short delays with respect to the zero-
delay case because the complete frequency spectrum of the
pulse pair is alternately enhanced or suppressed, without
preferential excitation of the A or B resonance. This gradu-
ally changes at longer pulse delays (> 3 optical cycles),
when the decreasing overlap between the pulses causes a
more complicated frequency interference that, advancing
the delay by an optical cycle, leads to spectral distributions
that are markedly asymmetric with respect to the original
pulse spectra. Thus, under these conditions, changing the
delay by less than an optical cycle, we can correspondingly
change the spectrum of two combined pulses to preferen-
tially excite resonance A or resonance B. As is apparent
from the red and the blue hatched intensity spectra in the
bottom part of Fig. 3, the constructive and destructive
interferences between the different spectral components
of the excitation light at, respectively, 10.75 and 11.25
cycles delay occur at opposite sides of the original spec-
trum. In effect, the spectral maximum corresponding to the
constructive interference between the two pulses is shifted
towards higher or lower energies depending on the selec-
tion of the relative phase. The excitation energy is known
to strongly affect the spin polarization measured from the
n � 1 IP state [14]. What we therefore accomplish in our
time-resolved experiment is the control of this spin polar-
ization via a preferential selection of one or the other of the
two simultaneous resonances A or B, obtained by a change
of the effective optical spectrum in the course of the
coherent nonlinear excitation.

We have demonstrated that, for strongly overlapping
pulses, an effective optical spectrum can be viewed as
dominant in determining the observed 3PPE spin polariza-
tion oscillations. When the two pulses are delayed by
intervals longer than their pulse width, however, the time
development of the excited quantum-mechanical system
has to be taken into account appropriately. The evolution
and possible decay of the polarization phase between the
action of the two pulses determines how the phase infor-
mation imprinted by the pump pulse is transmitted over
time to result in the interference with the probe pulse.
Qualitatively, the nonlinear material response results in
the appearance of additional frequencies in the interfero-
metric correlation signal [17]. In order to probe this re-
gime, in Fig. 4, we report time-dependent measurements of
the 3PPE spin polarization recorded with a central photon
energy of 3.09 eV for pulse delays between 42 and 46 fs,

FIG. 3 (color). Top panel: spin polarization (markers with
error bars) and corresponding interferometric 3PPE signals for
reversed magnetizations of the spin detector (solid lines) at the
final state energy E � 6:95 eV as a function of pulse delay. Data
points for the spin polarization with lower error are colored
darker (see text). Bottom panel: measured spin polarization as a
function of final state energy for selected fixed pulse delays of 0,
10.75, and 11.25 optical cycles (markers with error bars). The
lines are guides to the eye. The gray shaded and hatched areas in
the background show the spin-averaged three-photon photoemis-
sion spectra at delays of 0, 10.75 and 11.25 optical cycles,
respectively.
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times which are sufficiently longer than the pulse width. In
the top part of Fig. 4, the autocorrelation signal obtained by
SSHG is reported, clearly showing oscillations at the fun-
damental frequency ! corresponding to one optical cycle
of delay. In the center of the figure, we report the 3PPE
signal measured at E � EF � 6:95 eV for the two orienta-
tions of the magnetization of the Fe film in the spin detector
(R=L in Fig. 4), and the relative spin polarization (bottom).
Under these excitation and measurements conditions, we
notice that the average spin polarization is near zero and
can be changed to positive as well as to negative values by
the pulse delay. When we compare the 3PPE signal with
the simultaneously measured SSHG, we notice that clear
oscillations at twice the optical frequency appear, which
originate from the coherent nonlinear response character-
ized by dephasing times the of the d-band holes of about
30 fs [18,19] and the image potential state lifetimes of
about 35 fs [5]. The same 2! contribution is also seen
clearly in the spin polarization. By this observation of the

appearing 2! contributions, we directly demonstrate that
the phase of the material polarization affects the photo-
electron spin polarization in the regime of delayed pulses
which are separated by delays sufficiently larger than the
temporal pulse width but within the relevant dephasing
time scales of the excited system. Because the observed
spin polarization is a function of the relative excitation of
the A and B resonances which are originating from differ-
ent d bands, the additional spin information in principle
gives the possibility to extract band-resolved dephasing
times of d-band holes and to monitor band-resolved popu-
lation dynamics.

In summary, we reported the interferometric control of
the spin polarization of photoelectrons by changing the
delay between two ultrashort optical pulses. Our results
show that the study of coherent electron dynamics at metal
surfaces can be extended to spin-polarized electron pop-
ulations. Our studies can be readily generalized to cases
involving the control of the time-dependent optical polar-
ization of the excitation pulses [20].
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FIG. 4. Top: SSHG intensity measured as a function of the
pulse delay. Middle: 3PPE signal as a function of the pulse delay
(L=R are data measured for reversed magnetization of the spin
detector). Bottom: spin polarization extracted from the L=R
curves. The presence of oscillations in the 3PPE signal and
spin polarization at the frequency 2! is highlighted. Data
were measured with h� � 3:09 eV photon energy.
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