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Linearly polarized light with an energy of 3.1 eV has been used to excite highly spin-polarized electrons
in an ultrathin film of face-centered-tetragonal cobalt to majority-spin quantum well states (QWS) derived
from an sp band at the border of the Brillouin zone. The spin-selective excitation process has been studied
by spin- and momentum-resolved two-photon photoemission. Analyzing the photoemission patterns in
two-dimensional momentum planes, we find that the optically driven transition from the valence band to
the QWS acts almost exclusively on majority-spin electrons. The mechanism providing the high spin
polarization is discussed by the help of a density-functional theory calculation. Additionally, a sizable
effect of spin-orbit coupling for the QWS 1is evidenced.
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The spin of electrons is strongly considered as the carrier
of information in future electronic devices categorized as
spintronics [1,2]. Nowadays, sophisticated means exist to
efficiently measure spin-polarized electron currents in
vacuum [3] or in solids [4]. Their generation in vacuum
has been realized by spin-polarized electron guns enabling
experiments such as spin-polarized electron energy loss
spectroscopy [5,6] and spin-polarized inverse photoemis-
sion [7,8]. For spintronics, a prerequisite is the injection of
spin-polarized currents into a semiconductor. Since the
feasibility of using drift currents for this purpose has been
disproved due to the much lower conductance of semi-
conductors compared to ferromagnetic metals [9], diffusion
of spin-polarized, hot electrons [10] across a potential
barrier is an important alternative [11,12]. Specifically, for
cobalt thin films as a source of polarized electrons, an
example of diffusion-driven injection into an organic
semiconductor is reported in [13].

In this work, we concentrate on the optically excited
interband transition in face-centered-tetragonal (fct) cobalt
thin films which allows for generating highly spin-
polarized, hot electrons below the vacuum level as dem-
onstrated in [13,14]. In two-photon photoemission (2PPE)
measurements, this transition occurs as the first (pump) step
of a resonant two-photon (pump-probe) process, exciting a
valence-band (VB) electron to an unoccupied sp band.
Confinement of electrons to the few-monolayer thin Co
film transforms the sp band to quantum well states (QWS)
with discrete k; values. The pump-probe process sche-
matically reads VB — QWS — e~, where each arrow
represents one photon, and e~ is the photoelectron whose
spin is measured to draw conclusions about the spin
selectivity of the VB — QWS step. Going beyond the
normal-emission 2PPE results in [13,14], we measure the
spin polarization for a broader range of electronic states,
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including those with nonzero in-plane Bloch wave vector
components, which take part in the diffusive injection of
spin-polarized currents from cobalt thin films and thus play
an important role in view of spintronics devices. With the
QWS situated approximately 3 eV above the Fermi level,
we propose that the spin-selective excitation process VB —
QWS may be used in a semiconductor-metal heterostruc-
ture where the junction could be designed to provide a
potential barrier that acts as a high-pass energy filter for hot
electrons.

Experimentally, we used spin-resolved photoelectron
momentum microscopy [15,16] as an efficient, parallelized
alternative to scanning angle-resolved photoemission, cap-
turing every photoelectron in one shot without any limitation
of the acceptance angle. The spin polarization of each beam
forming the electron-optical image was detected simulta-
neously by specular reflection from a W(100) surface using
the (00) LEED spot, exploiting spin-orbit coupling for a
spin-dependent scattering probability. Within the spin-
resolved momentum images obtained by this technique,
an unambiguous separation of the resonant process VB —
QWS — e~ from the nonresonant process VB —— e~
became possible for the first time and revealed nearly
perfect spin filtering as opposed to only moderate enhance-
ment of the spin polarization which was previously believed.
For 2PPE experiments, the second harmonic of a home-
built, mode-locked Ti:sapphire oscillator was used yielding
20 fs pulses with a central photon energy of 3.1 eV [17].
Pseudomorphic cobalt thin films were grown on Cu(001)
resulting in a fct structure with lattice constants @ = 3.61 A
(in plane) and ¢ = 3.47 A (perpendicular) [18].

To visualize the region within k space that is probed
in our experiments, Fig. 1 shows the Brillouin zone and
the band structure of bulk fct cobalt calculated by
density functional theory using the local spin density
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FIG. 1 (color online). (a) fct Brillouin zone; the high-symmetry
axes used in (b) are marked by green rods. The red disk
approximately corresponds to the k-space region, where QWS
are probed in our momentum-resolved 2PPE experiments. The
high-symmetry points on the top are written with index (L), to
distinguish them from the inequivalent points at the sides.
(b) density-functional-theory—local-spin-density-approximation
calculation of fct cobalt. Regions highlighted in gray indicate
the energy ranges of initial and intermediate states involved in our
2PPE experiments. Dashed and thin-line curves are calculated
along vertically shifted X, W, and X, U, axes as indicated in
(a). In the case of the s p band, only the majority spin is shown for
clarity.

approximation [19,20]. Using momentum microscopy, we
probe an area in k space that is schematically indicated by
the red disk in Fig. 1(a), while standard photoemission in
normal emission would only probe the center of such a
disk. The vertical position, or the range of k, values that
contributes to the photoemission current, is usually implic-
itly determined by the photon energy. When observing
photoemission from QWS, however, the involved &, is
additionally selected by the k| discretization of the QWS.
By tuning the film thickness, k, can be selected within a
range indicated in Fig. 1(a), where the Co sp band and the
projected band gap of Cu(100) coincide [21]. As easily
recognized, the probed k space includes regions beyond the
high-symmetry axes usually shown in band structure plots.
In our calculation, we included two axes spanning the k
plane and show how the dispersion changes when shifting
these axes towards the center of the Brillouin zone [dashed
lines in Fig. 1(b)], giving an approximate description of the
experimentally probed k region. A resonant 2PPE process
VB - QWS — ¢~ is indicated in Fig. 1(b). One photon
resonantly excites an electron to a QWS and the second
photon excites this electron further to energies above the
vacuum level.

Figure 2 shows two-photon photoemission measure-
ments of Co thin films on Cu(001), performed for a range
of thicknesses from 3 to 13 monolayers [22]. I(k;,.E)
spectra reveal the quasi-free-electron—like dispersion of the
quantum well state(s), characterizing these electronic states
as a two-dimensional electron gas confined to the Co thin
film. The experimentally observed dispersion in Figs. 2(a)
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FIG. 2 (color online). Two-photon photoemission of cobalt thin
films on Cu(001) wusing p-polarized laser radiation
(hv = 3.1 eV); (a), (b) I(ky ,, E) spectra for 6 and 13 monolayers
of cobalt. E; denotes the energy of the intermediate state after the
pump step. (c)—(e) spin-resolved I(ky,.k,) spectra for six
monolayers of cobalt at intermediate state energies indicated
in the graphs. (f) Energies of the QWS parabola minima for a
series of cobalt overlayer thicknesses. (g) Photoemission
geometry.

and 2(b) compares favorably to the dispersion shown in
Fig. 1(b) along X, W, . With increasing film thickness, the
number of allowed, discretized k; values increases, and
more than one QWS is present (11 and 13 monolayers).
The continuously varying dependence of the QWS energy
on film thickness, shown in Fig. 2(f), allows us to establish
the connection between QWS; in Fig. 2(a) and QWS; in
Fig. 2(b). The energetic shift of each QWS with increasing
thickness deviates from the textbook example of a flat-
potential quantum well, since it is governed mostly by the
crystal potential as also observed in earlier studies [23,24].
A quantitative characterization of the dispersion seen in
Figs. 2(a) and 2(b) is provided in the Supplemental
Material [25].

Figures 2(c)-2(e) are spin-resolved momentum images
measured at three energies with a photoemission geometry
as indicated in Fig. 2(g). The sample was remanently
magnetized along the y axis, parallel to the spin-sensitive
axis of the detector. The azimuth of the incident, p-
polarized laser pulses was along the x axis. The combined
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information of intensity and spin polarization is expressed
by the two-dimensional color code showing spin-up (spin-
down) intensity as saturated red (blue), unpolarized inten-
sity as gray and zero intensity as white. At all measured
energies, the photoemission current is dominated by
majority-spin electrons (red color). Within the ringlike
regions, the excitation of photoelectrons proceeds reso-
nantly via the QWS as an intermediate state, and the spin
polarization reaches maximum values which are between
+60% and +80% in Figs. 2(c)-2(e). Earlier works have
reported values of 51% [13], or 46% [14] in normal
emission geometry. Since these spin polarization values
represent a weighted average of resonant 2PPE via the
QWS and nonresonant 2PPE, the intensity of the QWS
peak itself influences this overall spin polarization. In that
sense, our findings are consistent with these earlier experi-
ments. The azimuthal intensity variation of the QWS-
related photoemission intensity (high intensity along k ,
and low intensity along k| ,) is an effect of the non-normal
incidence of light, reducing the fourfold rotational sym-
metry of the sample to a mirror symmetry when consid-
ering the complete photoemission geometry. In the
remaining kj area, nonresonant transitions exciting the
photoelectron directly from the VB occur with both lower
intensity and lower spin polarization values in the range
from 4+30% to +70%.

In Fig. 3, we use the partial-intensity representation
14, = (I/2)(1 £ P) of the data in Fig. 2(c), where [ is the
spin-integral intensity and P is the spin polarization. Here,
spin-up (/4) corresponds to majority spin. We find that not
only is the QWS feature dominant in the majority-spin
channel, but it is also completely absent in the minority-
spin channel. The intensity in the minority channel consists
only of a homogeneous background of nonresonant tran-
sitions (VB —— ¢7). This strikingly pure spin-up character
of the QWS photoemission feature requires that the first
step (VB - QWS) of the resonant two-photon process
(VB - QWS — ¢7) must proceed with a selectivity for
majority spin close to 100%—a conclusion that became
possible only by employing spin-resolved momentum

06 {(a) ] 15 T} =
—~ 0.3 C ; C 5
| ] L] I 8
= 0.0 | AN - = 5
=" -] it B
= 03] - L 2
] E I g
] L] L =
ol wmer [ T ok
06 0.3 00 03 06 -0.6 -03 0.0 0.3 0.6

k(A7 k(A7)

FIG. 3 (color online). Spin-up (a) and spin-down (b) partial
intensities of the two-photon photoemission process for six
monolayers of cobalt on Cu(001) remanently magnetized in
the M+ direction at an intermediate state energy Er + 3.0 eV.

microscopy, since earlier normal photoemission experi-
ments did not allow for an unambiguous separation of the
QWS peak from the intensity background of nonresonant
transitions.

Interestingly, the incidence of the laser pulses and their
orientation relative to the magnetization vector has an effect
on the degree of spin polarization for resonant excitations
of the QWS, as is shown in the following.

In Figs. 4(a) and 4(b), the magnetization of the sample
has been reversed with respect to the measurement in
Fig. 3. The primary effect in a ferromagnet with an
exchange-split band structure is that the lower-energetic
majority-spin states and higher-energetic minority-spin
states are defined with respect to the magnetization.
When reversing the magnetization, majority spin and
minority spin, measured as spin-up and spin-down in a
laboratory frame, switch their roles. Consequently, the
measured spin polarization changes its sign. Indeed, we
find 14y, ~ I y— for the majority spin channel with the
strong QWS resonance.

However, a second, contrary effect arises due to spin-
orbit interaction, which manifests itself in the nonvanishing
signature of the QWS in the minority spin channel for M—
(Iy vy # 114 y-)- In terms of the spin polarization, this
behavior can be expressed by P, # —Py_. It is well
known that on nonmagnetic, cubic (001) surfaces, linearly
polarized light excites spin-polarized photoelectrons [26].
In magnetic materials, this effect adds a contribution to the
spin polarization which does not depend on the magneti-
zation direction. The interplay of exchange splitting and
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FIG. 4 (color online). (a), (b) Spin-up and spin-down partial
intensities obtained in two-photon photoemission from six
monolayers of cobalt on Cu(001), remanently magnetized in
the M— direction at an intermediate state energy Ep + 3.0 eV.
(c), (d) exchange (A.,) and spin-orbit (Agg) contribution to the
spin polarization.
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spin-orbit interaction is furthermore known as the origin of
magnetic dichroism which has been previously observed in
cobalt [27,28].

From the partial intensities obtained for each of the
magnetizations we calculate the following asymmetries,
which separate the (nonmagnetic) contribution of the spin-
orbit interaction (Agp) from the exchange interaction (A.y)
[29] to the spin polarization.

1 -1 + Iy =1 e
Ao = t M+~ M M (1)
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Figures 4(c) and 4(d) show the resulting A, (k) ,. kj ;) and
Aso(ky » k) The exchange contribution A, to the spin
polarization strongly outweighs the spin-orbit contribution
(in the order of 10%), consistent with the common under-
standing that spin-orbit interaction is a comparably small
effect in the ferromagnetic 3d transition metals. The
positive sign of A, is due to the majority band from
where electrons are excited. In the case of Agg, the sign
depends on the details of the spin-orbit hybridized wave
functions for each of the electronic states involved in the
photoemission process and requires an in-depth theoretical
analysis. Since the photoemission geometry in our experi-
ments combines non-normal incidence of light and mostly
non-normal emission, (nonmagnetic) spin polarization
contributions are in principle allowed for most of the k
points, other than the classical cases discussed for higher-
symmetric photoemission setups [26,30]. Symmetry
considerations adapted to our photoemission geometry
(regarding horizontal and vertical mirror operations and
rotation around k; by 180°) impose only one restriction:
ASO(kll,x’kll.y) = ASO(kll.x’_kll,y)’ which is directly con-
firmed by our data. The quantitative characterization of Agq
directly visualizes different spin-orbit contributions of the
process VB — QWS — ¢~ compared to the process
VB —— ¢7. In the Supplemental Material [25], we present
the analysis of the same experiment performed with s-
polarized instead of p-polarized irradiation, where the Agq
contribution is much smaller.

We refer again to Fig. 1(b) for a discussion of the high
spin selectivity which we observed in the resonant two-
photon processes (VB — QWS — ¢7). The exchange split-
ting between majority and minority QWS is 0.2 eV in
agreement with experimental results from inverse photo-
emission [8]. Hence, in principle, QWS of both spins are
within the range of energies covered by our 2PPE experi-
ments. Since the QWS are initially unoccupied, an electron
has to be provided by excitation from the valence bands. In
the relevant range of energies and momenta (lower gray-
shaded area), an almost flat, nondispersive majority-spin d
band exists. The flatness is favorable for providing a

vertical transition (with an energy difference of
hv = 3.1 eV) to the majority-spin QWS. The only minor-
ity-spin states occur for kj radii greater than 0.3 Al (at

Er =0 along X, U, and X, W) and these exhibit a
relatively steep dispersion corresponding to a low density
of states. Therefore, electronic states which may serve for
the direct excitation to minority-spin QWS are rare or
absent within a range 0 < |k| < 0.3 A

Considering the valence electronic states as plotted in
Fig. 1(b), it is rather surprising that our experiments showed
an almost uniform intensity of the QWS resonance in
Fig. 2(a). It is well known that Co hosts a strongly
correlated electron system and recent calculations that
incorporate the correlation effects [31], suggest a particu-
larly strong energy broadening of majority quasiparticle
bands for energies £ < E. Thus, majority electrons with a
rather broad-peaked density of states act as a reservoir for
the pump step, explaining the low intensity variation. The
absence of the minority QWS in our spectra, besides the
reason given so far, can be further explained by (1) sharp
minority spin quasiparticle bands at £ < E, which impose
stricter criteria on the resonance condition of the pump step
and (2) broadened minority quasiparticles at energies £ >
Er which lower the transition probability for an excitation
to the minority-spin QWS.

We note that the high spin selectivity in the 2PPE
experiments shown here can be circumvented, e.g., if
one is interested in the detection of the minority QWS,
as has been demonstrated by spin-resolved inverse photo-
emission experiments [8]. In such experiments, electrons
are provided as LEED states—free electrons that couple to
bulk states or evanescent states inside the sample, which are
then deexcited to the unoccupied QWS. By irradiating the
sample with either spin-up or spin-down electrons, the
sensitivity to the respective spin can be tuned by experi-
ment other than in 2PPE, where the spin of electrons
available for pumping to the QWS is determined by
electronic states in the valence bands.

Regarding the injection of spin-polarized currents for
spintronics applications, two additional effects need to be
considered. (1) Electrons excited to energies from Ej to
Er + 1.5 eV—although not accessible in our 2PPE experi-
ments—are expected to be dominantly of minority spin
according to Fig. 1(b). A device structure that will exploit
the injection of highly spin-polarized electrons from the
QWS has to be designed in a way that these electrons will
be filtered by a suitable choice of the potential barrier, e.g.,
by a Schottky contact. (2) To estimate the mean free path of
majority-spin electrons, we refer to time- and spin-resolved
two-photon photoemission experiments that have shown
lifetimes of 8 fs for majority electrons at energies Ep +
1 eV and a factor of 1.7 lower for minority electrons [32].
Extrapolating the energy dependence, a lifetime of at least 2
to 5 fs is expected for majority electrons up to Ex + 3 eV.
The group velocity in the upper gray-shaded energy range

266801-4



PRL 115, 266801 (2015)

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2015

in Fig. 1(b) reaches up to 8/# eV/A~! resulting in a mean
free path in the range of 24 to 60 A, or 14 to0 34 monolayers.

The present results show that irradiation of a fct Co(001)
surface with linearly p-polarized light (hv = 3.1 eV) leads
to an almost purely majority-spin polarized ensemble of hot
electrons in the QWS for the geometry chosen according to
Fig. 2(g) and energies E > Er + 1.5 eV. By calculating
the band structure including relevant low-symmetry axes,
we explained why this holds even for non-normal emission
directions. The high spin polarization achieved in the
pump step is a joint result of exchange splitting in the
band structure of the ferromagnetic cobalt, an interband
transition that suppresses minority electrons, spin-orbit
coupling, and correlation effects.

M. E. acknowledges support from the BMBF (Grant
No. 05K12EF1).
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