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Transient electronic and magnetic structures of nickel heated by ultrafast laser pulses
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We investigate the evolution of the Ni electronic and magnetic structure on fs to ps time scales following
fs-laser excitation. Within 200 fs after excitation the Ni 3d ferromagnetic moment is reduced as probed by
x-ray magnetic circular dichroism. At the same time the Ni 3d electronic structure undergoes pronounced
changes as demonstrated by x-ray absorption spectroscopy. We show that the latter persists also into thermal
equilibrium which is reached on the ps time scale. Cluster calculations identify a reduction in 3d—4sp hybrid-
ization possibly associated with phonon-driven spin-flip excitations.
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The microscopic understanding of finite-temperature itin-
erant magnetism remains elusive in spite of many decades of
experimental and theoretical investigations.! Ferromagnetic
Ni is a prime example: the strong on-site electron correla-
tions of the Ni 3d shell are responsible for local magnetic
moments. However, there is also significant hybridization of
3d levels especially with the more itinerant 4sp states of
neighboring atoms. This causes a challenging interplay be-
tween magnetic properties of localized and itinerant valence
electrons.

Two main models exist for describing the decrease in the
magnetization at finite temperatures. In the first, collective
spin-wave excitations (magnons) are commonly associated
with the quenching of long-range ferromagnetic order with
increasing temperature.>3 They are observed in Ni by inelas-
tic neutron scattering*> and above T result in paramagnetic
spin fluctuations® of local magnetic momenta.” The second
model is used especially when approaching 7., where the
reduced size of the magnetic moments demonstrates the im-
portance of electronic spin-flip excitations in Ni.® For in-
stance, in Stoner excitations, an electron is excited from an
occupied state of the majority-spin band to an empty state of
the minority-spin band, thus probing the average exchange
splitting of the Ni3d levels.” Similarly, Elliott-Yafet-type
spin-flip scattering of electrons at phonons are believed to
promote ultrafast demagnetization following optical fs-laser
heating.'®!" We have recently shown, using time-resolved fs
x-ray absorption spectroscopy (XAS) and x-ray magnetic cir-
cular dichroism (XMCD) that changes in spin angular mo-
mentum associated with spin-flip excitations are compen-
sated by the lattice on a time scale of 120 fs.!? The question
arises now whether also in thermal equilibrium such ultrafast
transfer of angular momentum between the spin and lattice
subsystems is possible and indeed may be required for
angular-momentum conservation across the magnetic phase
transition. '3

In this Brief Report, we compare the electronic state of a
thin Ni film 200 fs after excitation with a fs-laser pulse, to
the same film after 50-100 ps, i.e., in thermal equilibrium
but at elevated temperature. By heating with an ultrafast la-
ser pulse in our pump-probe setup,'> we are able to acquire
temperature-induced changes in the Ni L;-edge XAS and
XMCD measurements with unprecedented accuracy. With
increasing temperature, the Ni XAS line shape exhibits pro-
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nounced changes, while the Ni XMCD simply rescales pro-
portional to the vanishing long-range ferromagnetic order
upon approaching 7. By comparing the measurements to
cluster calculations, we demonstrate that in Ni the nearest-
neighbor 3d—-4sp hybridization is reduced at high tempera-
tures. We interpret the change in the Ni electronic structure
as being caused by incoherent spin-flip excitations.

The experiments were performed at the BESSY II beam-
line UES6/1-PGM, which is optimized for infrared laser
pump—soft x-ray probe experiments.'? Circularly polarized
x-rays were transmitted through the thin-film sample to mea-
sure XAS and XMCD spectra, i.e., the average and the dif-
ference in x-ray absorption while the sample magnetization
is reversed in an applied magnetic field. The sample con-
sisted of a =35 nm Ni film evaporated in situ under ultra-
high vacuum conditions onto a 500-nm-thick Al foil of
5X5 mm? lateral size. This resulted in an uncontaminated,
homogeneous, polycrystalline film which is magnetically
saturated in the film plane by the applied magnetic field as
checked with static XMCD measurements. A key feature of
the present experiment is that the sample temperature is
changed by heating with a fs-laser pulse (50 fs pulse dura-
tion, 780 nm wavelength, 3 kHz repetition rate, fluence up to
15 mJ/cm?). The pump-laser spot size on the sample was
1.5X0.5 mm?, larger than the x-ray probe size
(1.0 0.2 mm?). The synchrotron repetition rate is much
higher than that of the fs laser, thus electronic gating allowed
us to simultaneously record spectra of the sample just after
laser heating and of the cool sample in between two laser
pulses. As the time between these two measurements is just
167 us, we achieved a much higher accuracy for determin-
ing temperature-dependent changes in the XAS and XMCD
spectra than by conventional variations in the sample tem-
perature.

In Fig. 1 we show the spectral and temporal response of a
35 nm Ni film at the L; absorption edge. Excitation of the
sample by a fs-laser pulse results in a shift of the absorption
edge toward lower photon energy, see Fig. 1(a). The differ-
ence in the excited spectrum and the spectrum in equilibrium
is plotted as circles in Fig. 1(b). The temporal response of
this transient line shift is taking place on the fs time range,
associated with the dynamics of hot electrons populating pre-
viously unoccupied states near the Fermi level.'* Relaxation
to an intermediate level sets in with a time constant of 500 fs,
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FIG. 1. (Color online) (a) L3 absorption edge of a 35 nm Ni film
measured with fs x-ray pulses, 200 fs after laser excitation (red line)
and in equilibrium, i.e., before laser excitation (dashed line). Their
difference is plotted as circles in (b), together with the difference
after 50 ps (line, multiplied by 4). (c) circles denote the change of
XAS intensity vs pump-probe time delay, with photon energy set to
851 eV, the maximum difference found in (b). In (a)—(c), linearly
polarized x-rays with perpendicular incidence were used. (d)
XMCD at the L; edge normalized to nonpumped signal, measured
with circularly polarized x-rays, 60° angle between sample surface
and x-ray propagation direction, and applied field of *0.24 T
(squares). Solid lines in (c) and (d) are fits according to a three-
temperature model. The pump-laser fluence was 8 mJ/cm?.

as is apparent from the temporal evolution shown in Fig.
1(c). The spin system, investigated here by a measurement of
the XMCD at the L5 edge, also reacts on a comparable time
scale. The drop of the dichroic signal at time zero, as shown
in Fig. 1(d), reflects the laser-induced demagnetization of
ferromagnetic Ni. These measurements were acquired in the
femtoslicing mode with a temporal resolution of 100 fs,
yielding similar results as our previous experiments with a
15 nm film.!> However the goal of this paper is to further
investigate the spectral signature of laser-heated nickel with
high-resolution x-ray spectroscopy. To achieve this we now
work with the natural pulse length of the synchrotron source
(=50 ps) and select a delay of 50 ps between laser pump
and x-ray probe. This guarantees that the electronic, spin and
lattice excitations of the Ni film are in thermal equilibrium'#
corresponding to an elevated temperature. Comparing the
spectra measured after 200 fs and 50 ps, we find that the
laser-induced XAS line shift is similar but smaller when
measured 50 ps after pumping. If scaled by a factor of 4, the
XAS change, plotted as a line in Fig. 1(b), perfectly follows
the data as measured for a delay time of 200 fs (circles). This
striking qualitative agreement is a strong indication that the
observed line-shift scales with the electronic temperature in
the Ni film.

In Fig. 2 we compare (a) XAS and (b) XMCD spectra of
a Ni film at room temperature to the corresponding spectra at
elevated temperature, 100 ps after heating with a laser pulse.
The most pronounced temperature effect is the reduction in
the XMCD intensity by a factor of 2.3, as plotted in Fig.
2(b). From this reduction in the magnetic moment a sample
temperature of 7/T-=0.93 can be estimated.!> Additional,
more subtle temperature-dependent changes become appar-
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FIG. 2. (Color online) Ni L (a) XAS and (b) XMCD spectra for
a 30 nm Ni film at room temperature (0.46 T, open squares) and
temperature of 0.93 T (solid circles). The line in (b) indicates the
high-temperature XMCD spectrum multiplied by 2.3. (c) Difference
curves for XAS (open circles) and XMCD (solid triangles). En-
larged view of the data in (a): leading XAS edge (d) and XAS
satellite (e).

ent when comparing the difference XAS and XMCD spectra
for the two temperatures in Fig. 2(c). The derivativelike line-
shape of the XAS difference indicates a shift of the leading
L5 edge of the main absorption peak to lower photon energy
with increasing temperature. This energy shift amounts to
—38*35 meV as shown in Fig. 2(d). We observed that this
shift roughly scales linearly with the pump-laser fluence, i.e.,
sample temperature (not shown). For the Ni L satellite we
find an even stronger temperature effect: the leading satellite
edge shifts by —110=20 meV [Fig. 2(¢)]. In contrast, the
difference between the two XMCD spectra [with the high-
temperature curve scaled to the room-temperature spectrum,
see Fig. 2(c)] shows no derivativelike lineshape comparable
to the XAS. This demonstrates that in Ni any temperature-
dependent energy shift is significantly smaller for the XMCD
than for the XAS spectra. While the shift of the XAS main
peak resembles that observed on the 120 fs time scale,'? the
even larger shift of the XAS satellite and the absence of
comparable shifts in the XMCD are new observations. The
identification of all three effects in equilibrium conditions at
elevated temperatures represents the central result of this pa-
per. In order to elucidate their microscopic origin, we will
now model the temperature-dependent behavior of the XAS
and XMCD line shape in a cluster-model calculation.
Calculations of Ni XAS and XMCD spectra have been
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FIG. 3. (Color online) Cluster calculations of Ni L3 (a) XAS and
(b) XMCD spectra comparing the low-temperature state (black
dashed lines) to states (red lines) with V reduced by 5%.

reported using two complementary approaches, based on ei-
ther ab initio bandstructure'®-'® or with the inclusion of 2p3d
multiplet interactions.'®~2! Of crucial importance is a realistic
modeling of the XAS and XMCD satellite structures which
are not visible for the more itinerant 34 transition metals Co
and Fe.?> While the band-structure approach fails to repro-
duce the XMCD satellite, 08 it assigns the XAS satellite to
a critical point in the Ni bandstructure.'®!” However, this can
only be achieved by renormalizing electronic (exchange and
spin-orbit) interaction parameters for the final state contain-
ing a core hole. This mimics many particle interactions
which are neglected in a single-electron approximation.'®!”
We, therefore, used the second approach based on an Ander-
son impurity picture where electron-electron interactions are
taken into account at a Ni central atom for ground and core-
hole final states. The salient features of the Ni XAS and
XMCD spectra can be reproduced by a cluster model with a
ground state consisting of 3d4%2, 3d°!, and 34"
configurations.'” In addition to Ref. 19, we approximated the
Ni band structure by hopping of Ni 3d electrons to neighbor-
ing valence orbitals, v, of mainly 4sp character by introduc-
ing a bandwidth to the 3d°v' state, thus, reproducing the
experimentally observed asymmetry of the XAS/XMCD
main peak.?® In the x-ray absorption process transitions from
this state to the 2p3d'%! final states (here 2p denotes a core
hole) give the dominant contribution to the XAS and XMCD
main peaks. Transitions into the 2p3d°v? final states mainly
give rise to the satellite feature in XAS and XMCD.!® The
energy difference in 2p3d°v* and 2p3d'%! basis states is
A+U-Q (see Ref. 23). Due to mixing of these configura-
tions, their energy separation is also influenced by the
3d—4sp hybridization V.

Figure 3 illustrates the results of the cluster calculations
for the ground state and the high-temperature state, which
was modeled by modified electron-interaction parameters.
We find that reducing the nearest-neighbor 3d—4sp hybrid-
ization V gives the best accordance with our experimental
observation, an energy shift of the XAS satellite that is sig-
nificantly larger than that of the main absorption line [Fig.
3(a)]. Only negligible peak shifts are generated by a reduc-
tion in the magnetic exchange coupling to zero (expected for
the paramagnetic phase) and by a 5% variation in the crystal
field (both not shown). The spectra were also found to be
insensitive to a Boltzmann-type population of excited states

PHYSICAL REVIEW B 80, 092404 (2009)

even up to electron temperatures of 1500 K. It is conceivable
that a more realistic model of the Ni band structure could
cause the main XAS line to shift due to a temperature-
dependent smearing of the electronic population near the
Fermi level. Recent ab initio calculations of XAS and
XMCD spectra, looking at laser-induced repopulation and
electron thermalization, indeed reproduce the shift of the
main L; absorption line.>* However, any change in the elec-
tron population is unlikely to explain the much larger energy
shift observed for the Ni XAS satellite which clearly points
to an electron-correlation-induced effect. The calculated
shifts [Fig. 3(a)] of the XAS main peak and satellite of 100
and 270 meV, respectively, correspond to conditions reached
only during a few 100 fs (Fig. 1), while the shifts in Fig. 2
can be reproduced by a change in V by —2%. While we
cannot rule out that also U and Q display a certain tempera-
ture dependence, the reduction in V with increasing tempera-
ture is dominant. Thus the spectra demonstrate without doubt
that the coupling between 3d and 4sp decreases with increas-
ing temperature. The consequence is a narrowing of the 3d
band while the 4sp states remain itinerant.

A further implication of our cluster calculations is that
similar shifts as in XAS should be visible in the XMCD
spectra as well. Figure 3(b) shows the XMCD spectra calcu-
lated for reducing V as for Fig. 3(a). This indicates that if the
electronic structure of a Ni atom as probed by XAS is modi-
fied, the XMCD spectrum displaying the magnetic response
is affected similarly. Surprisingly these XMCD shifts are not
observed experimentally [see Fig. 2(c)]. We can therefore
conclude that atoms exhibiting XAS shifts do not contribute
to the long-range magnetic ordering as measured by
XMCD.? The number of photons from one laser pulse cor-
responds to only =2-3% of the Ni atoms in the irradiated
volume of the sample. This is much less than the reduction in
magnetic ordering (down to 44% of its initial value), a pro-
cess that is very efficient due to the collective nature of the
exchange interaction.

Now we discuss the resemblance of our observations in
thermal equilibrium (Fig. 2) with those on the femtosecond
time scale (Fig. 1). We argued in Ref. 12 that during fs-laser
excitation hot electrons are causing decoherence of the 3d
wave function, which is reflected in reduced 3d—4sp hybrid-
ization matrix elements. This process is accompanied by a
novel fs spin-lattice relaxation mechanism, i.e., a coupling of
spin-flip excitations to phonons.'” A recent ab initio calcula-
tion shows that such an Elliott-Yafet mechanism indeed is
able to facilitate ultrafast transfer of angular momentum to
the lattice.!" The much higher excitation in the fs regime
results in up to four times larger XAS peak shifts compared
to the equilibrium conditions below T [see Fig. 1(b)]. The fs
excitation corresponds to electron temperatures well above
1000 K,'"* which in thermal equilibrium would only be
reached far in the paramagnetic phase. Our results from Fig.
2 demonstrate that also at moderately increased temperature,
phonons are most likely responsible for the 3d—4sp hybrid-
ization decrease. The absence of ferromagnetic order in the
XAS shift points toward the presence of spin-flip excitations
in such phonon-induced processes. In Ni the atomic mag-
netic moment is close to 0.5 ug. One spin-flip process
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reduces the magnetic moment by 2 up, therefore compen-
sating the ferromagnetic moments of four Ni atoms. Al-
though we do not directly measure the lifetime of such spin-
flip excitations, the comparison to the fs processes in Fig. 1
suggests similar (fs) time scales in thermal equilibrium.
Within this framework, thermal equilibrium is described as a
delicate balance of spin excitations that do both create and
annihilate ferromagnetic order.

In conclusion, we find that at elevated temperature the
electronic structure of Ni is characterized by a shift of the L
absorption line to lower photon energies and an even larger
shift of the L satellite. Cluster calculations explain this by a
reduction in the nearest-neighbor 3d—4sp hybridization. In
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contrast, the experimental L5 dichroic signal does not shift.
This indicates that Ni atoms responsible for the line shift do
not carry ferromagnetic order. Thus they can be associated
with short-lived spin-flip excitations, leading to a spin-lattice
relaxation during their lifetime. Our results show that similar
phenomena as found for fs-laser excitation!? also occur in
thermal equilibrium, paving the way for a theoretical de-
scription of these effects.
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