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The microscopic state of a magnetic material is characterized by its resonant magneto-optical response through
the off-diagonal dielectric tensor component €,,. However, the measurement of the full complex €,, in the extreme
ultraviolet spectral region covering the M absorption edges of 3d ferromagnets is challenging due to the need
for either a careful polarization analysis, which is complicated by a lack of efficient polarization analyzers,
or scanning the angle of incidence in fine steps. Here, we propose and demonstrate a technique to extract the
complex resonant permittivity €, simply by scanning the polarization angle of linearly polarized high harmonics
to measure the magneto-optical asymmetry in reflection geometry. Because this technique is more practical and
faster to experimentally implement than previous approaches, we can directly measure the full time evolution of
€,,(t) during laser-induced demagnetization across the entire M, 3 absorption edge of cobalt with femtosecond
time resolution. We find that for polycrystalline Co films on an insulating substrate, the changes in €,, are
uniform throughout the spectrum, to within our experimental precision. This result suggests that, in the regime
of strong demagnetization, the ultrafast demagnetization response is primarily dominated by magnon generation.
We estimate the contribution of exchange-splitting reduction to the ultrafast demagnetization process to be no

more than 25%.
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I. INTRODUCTION

The understanding of strongly coupled interactions in mag-
netic materials that occur in response to femtosecond laser
excitation [1] is critical for advancing our fundamental knowl-
edge of out-of-equilibrium materials systems; however, these
are challenging to access both experimentally and theoretically.
This knowledge is, moreover, important for utilizing the spin
degree of freedom and for designing functional materials [2]
and magnetic logic devices that can be controlled by ultrashort
light pulses. Such spintronic devices could ultimately be used
for fast and energy efficient spin-based logic [3,4]. Because
the characteristic spin dynamics of spin-flip processes [5—8],
spin transport [9-14], and high-energy spin-wave excita-
tions [15—17] occur on femtosecond to picosecond time scales,
their investigation requires ultrashort pulses. To date, most
measurements have used either femtosecond visible lasers
or short-wavelength synchrotron, free-electron (FEL), and
laser-driven x-ray or extreme ultraviolet (EUV) light sources.
Ultrafast laser probes have the advantage of very high time
resolution and ease of access; however, visible lasers can only
measure the net magnetic response of the entire system, with
the exception of specific types of systems that contain both
rare-earth and transition-metal elements and allow for element
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specificity in the visible range [18]. Short-wavelength light
can, in contrast, access the element-specific magnetic response
in alloys and multilayers, without specific requirements for
their composition, with the added advantage of broad energy
bandwidth that enables measurements across the full M- and
L-shell absorption edges that encode a magnetic state.

In previous work, tabletop high harmonic generation (HHG)
has been used to explore the competition between spin-flip
scattering and spin transport in the ultrafast demagnetization
process [13,19]. HHG sources were also recently used to
indirectly extract the dynamic permittivity €, () at two differ-
ent times—during and after demagnetization and subsequent
recovery of the magnetic state—by use of angle-resolved trans-
verse magneto-optical Kerr effect (T-MOKE) measurements,
in combination with ab initio calculations of the permittivity as
a function of exchange splitting and magnon generation [20].
However, the cumbersome need to scan both the time delay
and the angle of incidence precluded the direct measurement
of the dynamic magneto-optical permittivity €,,(¢) as a con-
tinuous function of time, independent of theoretical modeling.
Moreover, there are comparable challenges associated with
all magneto-optical techniques at EUV and x-ray photon
energies. Such challenges include the need for a polarization
state analysis in the case of longitudinal MOKE [21-23]
and Faraday and Voigt rotation [24-26], scanning the angle
of incidence for a measurement of x-ray magnetic circular
dichroism (XMCD) in reflection [27], or for a polar MOKE
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FIG. 1. Schematic of the diagonal magneto-optical effect (D-
MOE) and the multilayer sample structure used for the static EUV
D-MOE measurements. 6 is the angle of the linearly polarized
radiation relative to the s-polarization direction.

measurement with an out-of-plane magnetized sample [21,22],
or XMCD in transmission geometry [28,29]. As a result, the
transient €,,(¢) during ultrafast demagnetization has not yet
been measured.

Spin-resolved photoemission spectroscopy can also be
used to investigate laser-induced demagnetization dynamics
[30-32]. However, photoemission is sensitive only to the top
surface of the material. It is also difficult to use for the
measurement of the band-structure dynamics across the entire
Brillouin zone. In contrast, magneto-optical spectroscopy pro-
vides access to the changes of the spin-polarized band structure
across the entire Brillouin zone.

In this paper, we present a tabletop EUV magneto-optical
technique that can be used to directly measure the com-
plex magneto-optical dielectric tensor element €,,(E,?) as a
function of both photon energy E and time ¢ in order to
capture its full dynamic evolution. This technique is therefore
complementary to, and in some respects more powerful than,
existing approaches. The technique makes use of a diagonal
form of the magneto-optical effect, or D-MOE, whereby the
magnetization is obliquely oriented to the plane of incidence, as
illustrated in Fig. 1. D-MOE can be regarded as a superposition
of two magneto-optical geometries, T-MOKE [21,22,33] and
the lesser utilized longitudinal magneto-optical effect (L-
MOE) [34], which both give rise to a magnetization-dependent
reflectivity change. In addition, by scanning the polarization
angle of the incident linearly polarized EUV light by rotating
the polarization of the driving laser light, we demonstrate
that it is possible to uniquely determine €,,(E), the full
complex magneto-optical response. Moreover, the D-MOE
geometry naturally lends itself for time-resolved studies for
the extraction of €.,(E,t) as a function of both time and
photon energy. By use of the D-MOE geometry for the case
of ultrafast demagnetization with a polycrystalline Co film,
we find that the fractional variation of €,,(E,?) over time is
effectively independent of E across the entire M-edge to within
error bars. This result suggests that the dominant mechanism
for ultrafast demagnetization response is magnon generation
when the magnetization is quenched by ~42 + 5% of its
saturation value, i.e., in the regime of strong demagnetization.
We estimate an upper limit of 25% for the contribution of the
exchange-splitting reduction of the dynamically evolving band
structure during ultrafast demagnetization. We note that these

findings are consistent within the experimental uncertainty
with our previous work [20] that determined the contributions
of magnons and exchange-splitting reduction at two specific
times during the demagnetization process. Here, however, we
access the full dynamic magnetic response as the material first
demagnetizes and then begins to recover to its equilibrium
state.

To demonstrate the time-resolved capability of D-MOE,
we apply this technique to directly measure the static and
dynamic €,(E,?) at the M, 3 absorption edge of 10- and
5-nm polycrystalline Co samples. The time step in our scan is
25 fs, a 28 times improvement over the previous work reported
in Ref. [20]. We validate our D-MOE technique using three
different approaches: First, we simulate T-MOKE and L-MOE
signals on the basis of the dielectric constant values extracted
by use of the D-MOE geometry. The simulations compare fa-
vorably with experimentally measured T-MOKE and L-MOE
data. Second, we confirm that the real and imaginary parts of
€xy(E) satisfy the Kramers-Kronig relations [35]. Finally, we
compare our measured €., with theoretical calculations and
also find a very good agreement.

In the following, we derive the D-MOE response at the
boundary of two semi-infinite media and show that this effect
can be used to uniquely solve for the real and imaginary parts
of €,, (see Appendix A). We then generalize this method to
multilayer structures and also describe our experimental setup.
We also present the static results for a cobalt sample and
compare them with theoretical values. Finally, we implement
D-MOE on alaser-excited sample. From the dynamic response,
we find that there is a uniform reduction of the magnitude of
€xy (cf. Ref. [20]), within our error bars, suggesting that, for
strong quenching, the demagnetization response is dominated
primarily by ultrafast magnon generation with a possible
smaller contribution from the dynamically evolving band
structure (i.e., exchange-splitting reduction).

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2. Near-infrared
(NIR) pulses at 790 nm with an energy of 1.2 mJ and at a
5 kHz repetition rate from an amplified ultrafast laser (KMLabs
Wyvern) are focused into a hollow waveguide filled with He
gas, where the EUV light is generated by the HHG process.
We then direct the EUV probe beam onto the sample by use
of a toroidal mirror, which focuses the probe beam onto an
x-ray CCD camera after it impinges on a diffraction grating
for spectral resolution. The sample itself is placed in front of a
projection-field electromagnet that applies a magnetic field to
the sample. The electromagnet can be rotated to magnetize
the sample in the D-MOE geometry, which is at an angle
to the plane of incidence of the EUV probe. The resultant
reflectometry spectra measured in this geometry at different po-
larization angles of the linearly polarized probe are amenable
to the unique determination of the magneto-optical dielectric
constant—without any model-dependent constraints. Details
on the mathematical analysis that proves this result can be
found in Appendix A. To extract the spectrally resolved D-
MOE, the reflected HHG beam is dispersed by a diffraction
grating that is mounted in a conical configuration for higher
efficiency [36]. Aluminum foil filters of submicron thicknesses
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FIG. 2. Experimental setup to implement D-MOE. A half-wave
plate is used to rotate the linear polarization of the driving laser, and
hence the polarization of the HHG beam.

are used to reject any residual NIR light. For investigating
laser-driven ultrafast demagnetization, we direct a fraction of
the NIR light into a pump beam with a fluence of 2.7 mJ/cm?
and p polarization at the sample. The pump beam is collinear
with the probe beam. Because the NIR light is generated by the
same Ti:sapphire laser, the laser pump pulses are intrinsically
synchronized with the EUV probe pulses, with virtually no
jitter. The polarization direction of the generated EUV light is
identical to that of the driving laser due to the nature of the
HHG process [37,38]. As such, the polarization of the EUV

probe is controlled by use of a half-wave plate to rotate the
linear polarization angle of the driving laser beam.

III. RESULTS AND DISCUSSION

By use of the D-MOE geometry and a continuously
rotated linear polarization of the probe beam, we ex-
tracted the off-diagonal component of the dielectric ten-
sor for two multilayer samples. The first sample, also
shown in Fig. 1, is a multilayer stack consisting of
Si/S10,(150)/Ta(3)/Co(10)/Si3N4(3), where all thicknesses
are reported in nanometers. Static polarization scans on the Co
multilayer stack were done at three different orientations of the
magnetization vector m: transverse, longitudinal, and diagonal
at 45° to the plane of incidence of the EUV probe. Extraction of
the €,, over the full energy range of the Co M-edge follows the
method described in Appendix A, and the diagonal components
of the dielectric constant used in the extraction of the e,
were taken from Ref. [39]. The experimental data for the
three geometries, as well as the simulated magneto-optical
signals based on the €, extracted from D-MOE, are shown
in Fig. 3. The experimental points on the energy axis in Fig. 3
correspond to the harmonic peaks of the HHG probe spectrum.
We can accurately calculate the magneto-optical reflectivity
for both the T"'MOKE and L-MOE geometries by use of the
€xy extracted from the spectroscopic reflectivity data in the
D-MOE geometry, as evidenced by the excellent agreement
between the experimental and simulated data in Figs. 3(b)
and 3(e), as well as Figs. 3(c) and 3(f). Conversely, we show
in Fig. 4 that it is not possible to extract the correct general €,
from either the longitudinal or the transverse geometries by
simply scanning the polarization, as discussed in Appendix A.
This is because, in order to extract the full €., they require
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FIG. 3. Energy- and polarization angle-dependent magneto-optical spectra for the three orientations of the magnetization 71: (a) D-MOE,
(b) T-MOKE, and (c) L-MOE. The data are measured at the discrete harmonic peaks of the EUV probe spectrum. Polarization angle 8 = 90°
corresponds to p polarization. (d)—(f) are calculations for each geometry generated from the €,, that is extracted from fitted measurements in
the D-MOE geometry.
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FIG. 4. (a) Polarization-resolved EUV magneto-optical signals with their reconstructions made using €., extracted from (b) T-MOKE and
(c) L-MOE. Note that the ¢, extracted from the T-MOKE and L-MOE spectra are only capable of providing satisfactory reconstructions of
their own signal, and not capable of reconstructing the signals in other geometries without scanning the angle of incidence. The same set of

polarization angles was used for all the geometries shown in the figure.

additional information, e.g., by scanning the angle of incidence
in fine steps. Such an approach is possible, but very challenging
for time-resolved measurements.

An additional test of the fitted results is to verify if the real
and imaginary parts of the extracted €, are consistent with the
Kramers-Kronig relations. As can be seen from Fig. 5, the real
part of €., obtained by applying a Kramers-Kronig transform
to the interpolant of the imaginary part is consistent with
the experimental values to within the measurement precision.
The self-consistency of the measured €., with the Kramers-
Kronig relations is evidence in support of the D-MOE method.
Furthermore, the extracted €., spectra compare favorably with
theoretical calculations (from Ref. [20]), which are also shown
in Fig. 5.

Having validated our D-MOE technique, we employed it in
a stroboscopic pump-probe experiment to extract the dynamic
evolution of €,,(E,t) on femtosecond time. For this purpose,
we used the second sample, a 5-nm-thick Co film grown on an
insulating substrate without the presence of the seed layer, in
order to isolate the dynamic changes in €,, as solely the result
of local microscopic processes, as opposed to the generation
of laser-induced spin currents [9,13] which are nonlocal. We
note that such extraction of the dynamic €,,(E,?) is only
valid in the quasistatic approximation when changes in €.,
are much slower compared to, in particular, the duration of the
probe pulses. This is indeed the case since the characteristic

time constant of ~230 fs for a dynamically evolving €., is
much longer than the duration of the sub-10-fs EUV probe
pulses. Additionally, we constrain our analysis to time scales
exceeding 100 fs—where we do not overlap with the 50-fs
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FIG. 5. Experimental €,, measured at the M-edge of Co, on
a Si/Si0,(150)/Co(5)/Ge0,(3) multilayer. Our data compare well
with theoretical calculations [20], and the real and imaginary parts
satisfy the Kramers-Kronig relations. The error bars are estimated
based on the root-mean-square deviation of the HHG intensity (see
Appendix C) for details.
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FIG. 6. Normalized laser-induced demagnetization response of a
Si/Si0,(150)/Co(5)/GeO,(3) multilayer.

near-infrared pump pulse, and dynamic changes in €, are
large enough for us to draw definitive conclusions from the
data given our experimental uncertainty.

We measured the dynamic magneto-optical response over a
range of polarization angles from 30° to 150° with respect to s
polarization, as shown in Fig. 1. We used angle steps of 6.7° and
time steps of 25 fs. The observed demagnetization response is
shown in Fig. 6. It exhibits a fast reduction in magnetization,
with an exponential time constant of ~233 fs, followed by
a slower exponential recovery of ~2.4 ps. In the figure, two
signals are compared: based on the raw data and that calculated
from the dynamics of €,,(E,?). The raw data response (red
circles) was obtained by averaging the signal over multiple
discrete harmonic peaks and all measured polarization angles.
To improve the signal-to-noise ratio, integration was limited to
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angles and energies where the absolute value of the magneto-
optical asymmetry exceeds 0.12 before time zero. The response
based on the dynamics of €, (E, ) (blue circles) was calculated
from the integrated response of Im(e,,) over the energy range
of 55-63 eV. The two methods agree well: The decay 7 and
recovery T time constants of the standard double-exponential
fit [40] are tp = 224 £ 53 fs and 7z = 2302 + 623 fs, based
on the dynamics of €,,(E,?), and tp = 242 £ 58 fs and 7 =
2417 £+ 686 fs, based on the raw D-MOE data.

From the polarization-resolved data, we extracted €., at
each time step in Fig. 6. The resulting evolution of the
differential change Ae,,(E,t) = €,,(E,1) — €x,(E,t <0) is
shown in Figs. 7(a) and 7(b) for both the real and imaginary
parts, respectively. The data clearly show a transient decrease
and recovery of €,, after laser excitation. The fundamental
mechanisms underlying ultrafast laser-induced demagnetiza-
tion have been intensely debated ever since the effect was
first observed [5,8,20,32,41-46]. Since nonlocal spin transport
is minimized with the here-chosen sample geometry [9], the
remaining possible mechanisms are longitudinal spin flips,
e.g., caused by electron-phonon scattering, that would even-
tually lead to a reduction of the exchange splitting [5,7,47],
or demagnetization due to ultrafast nonequilibrium magnon
generation [8,15,17]. The former mechanism reduces the mag-
nitude of the magnetization vector, while the latter preserves
its magnitude but tilts the magnetization locally. Both types of
excitation result in a reduced projection of the magnetization
on a local z axis, which can be measured by use of magneto-
optical techniques. These mechanisms map onto the basic
models of ferromagnetism in metallic systems: the Stoner
picture [48], and the Heisenberg picture [49,50]. As proposed
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FIG. 7. Time-resolved differential changes in the (a) real and (b) imaginary parts of €,, with respect to the ground state at t < 0 fs and (c)

real and (d) imaginary parts of €,, at t < 0 fs and t = 450 fs.
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FIG. 8. Comparison of the experimental €, with the theoretical values calculated ab initio for the ground state as well as excited states of
cobalt with reduced values of exchange splitting. (a) t < O fs, where theory does not include any magnon excitation. (b) r = 450 fs, where the
theory curves have been scaled as if demagnetization was entirely due to magnon generation (red curve), and also when ~3/4 and ~1/4 of the
total 42% demagnetization were due to magnons and exchange-splitting reduction, respectively (yellow curve), and when the demagnetization
was entirely due to exchange-splitting reduction (purple curve). Since the difference between the theoretical €,, for the cases of 78% and 100%
magnon contribution (yellow and red curves) to the total demagnetization lies within the experimental error bars (see Appendix C), while it is
outside of the error bars for the case of 100% exchange reduction contribution (purple curve), we conclude that exchange-splitting reduction
plays a lesser role in the magnetization reduction, contributing at most ~1/4 of the observed signal.

in 1975 by Erskine and Stern when they first predicted x-ray
magnetic circular dichroism (XMCD) [51], these two theories
of ferromagnetism each lead to specific spectral changes in
€xy through which one could distinguish which mechanism
was operative. The predicted effect of these two mechanisms
on the time-resolved magneto-optical spectrum was confirmed
recently by ab initio calculations; transverse spin excitations
lead to a spectrally uniform, linear decrease of the amplitude of
€xy [20]. Reducing or enhancing the Stoner exchange splitting,
on the other hand, has been shown to lead to changes of peak
positions in addition to nonlinear changes in MOKE peak
amplitudes [20,52].

As shown in Fig. 8, to within the error bars of our
measurement, the change in €., after laser excitation appears
uniform across the entire M-edge between 45 and 70 eV. This
is consistent with the predicted behavior for ultrafast magnon
generation. However, a nonzero reduction of the exchange
splitting cannot be excluded, given the measurement precision.
To illustrate this, in Fig. 8(b) we plot three theoretically
calculated Im(e,, ) curves—one with an unperturbed exchange
splitting and two with a quenched exchange leading to a
reduction of the magnitude of the magnetic moment from
1.63up to 1.42up and to 0.97 p—along with the measured
Im(e,,) at 450 fs. Notably, the theoretical curves also take into
account the respective magnon contributions such that the net
demagnetization of all three curves is at the experimentally
measured value of 42%, i.e., the projection of the magnetic
moment on the local z axis is reduced from 1.63u5 to 0.97 up,
for the three cases. The demagnetization is either entirely due
to magnons [red curve in Fig. 8(b)] or to exchange-splitting
reduction [purple curve in Fig. 8(b)], or magnons contribute
~3 /4 to the signal, while exchange reduction contributes ~1/4
of the signal [yellow curve in Fig. 8(b)]. As can be seen from the
figure, the theoretical €., have different spectral shapes, which
confirms the prediction made by Erskine and Stern [51]. For

details on the theoretical €, for various values of exchange
splitting, see Appendix D. An €., that results solely from a
reduced exchange splitting does not fit the experimental data
well, and thus we exclude the collapse of exchange splitting
as the single driver of ultrafast demagnetization. The biggest
change occurs around 60.5 eV. However, for the yellow curve
in Fig. 8(b), this change is still within the experimental error.
This puts an upper limit on the possible contribution of the
exchange-splitting reduction to the net demagnetization: To
within the estimated measurement precision for the magnitude
of €,, of ~25% at 60.5 eV, the upper limit for the relative
contribution of exchange-splitting reduction is also ~25%.
Conversely, no less than ~75% of the laser-induced demagneti-
zation is dominated by ultrafast magnon generation. This result
is consistent with both our previous work [20], and with recent
transient spin-resolved photoemission measurements [32].

We would like to note that, because of the inherent experi-
mental uncertainty, our D-MOE technique yields useful infor-
mation when transient changes in €, are sufficiently large. On
sub-100-fs time scales, such changes are subtle, and further
work is needed to determine the microscopic mechanisms
at work on such fast times. It has been proposed that the
spin-orbit interaction [53,54] plays an important role in the
initial demagnetization that takes place in the spin-polarized
valence states. The spin-orbit interaction in the valence band,
which is much smaller than that in the semicore states, can
lead through electron-phonon scattering to longitudinal spin
flips that cause a reduction of the exchange splitting [5].

IV. SUMMARY

We found that for a Co multilayer grown on an in-
sulating substrate, the changes in €., caused by ultrafast
demagnetization were uniform across the M-edge, within the
experimental uncertainty. This finding suggests that laser-
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induced demagnetization, in the limit of strong quenching,
predominantly results from ultrafast nonequilibrium magnon
generation with a possible, yet quite smaller, contribution
from a dynamically reduced exchange splitting. Our mea-
surements thus provide a strong support of ultrafast magnon
generation [8] as a dominant mechanism of laser-induced
demagnetization on subpicosecond time scales, in contrast to a
quenching of the exchange splitting [5,7] caused by fast spin-
flip scattering. Further work is needed to determine the cause
of the ultrafast magnon generation on sub-100-fs time scales,
and longitudinal spin flips and the spin-orbit interaction [53,54]
seem to be promising candidates for that role. To obtain
the spectra utilized in this study, we demonstrated a method
for efficient extraction of the off-diagonal dielectric tensor
component across the M-shell absorption edge of a magnetic
material in a reflection geometry by measuring the magneto-
optical response of a multilayer sample at different polarization
angles of the probe beam from a laser-driven tabletop HHG
source. This method is very well suited for measuring the full
transient magneto-optical response to an intense near-infrared
laser pulse with femtosecond time resolution. In the future,
we expect that D-MOE measurements can be combined with
density functional theory (DFT) calculations to map the full
dynamic band structure of a demagnetizing magnetic material.
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APPENDIX A: TWO-AXIS MAGNETO-OPTICAL
EFFECT D-MOE

We first consider D-MOE at an interface as shown in Fig. 1.
In the s- and p-polarization basis (E, E ), the incident electric
field E i, 1.e., the time- and space-independent part of the plane-
wave radiation, can be written as

= E;\ _ (cosO
b= (Ep) = <sin9)E0’

where E| is the amplitude of the incoming electric field vector;
in the following, we shall set Ey to 1. 6 is the angle of
the linearly polarized radiation relative to the s-polarization
direction. The reflected field E, is related to the incident field
through the 2 x 2 bulk Fresnel reflection matrix  as

E, ={E = f(°059>.

(AD

sin 6 (A2)
This matrix depends on the magnetization direction 7 (see,
e.g. Refs. [35,55]); when m lies in the (x,y) plane, i.e., m =
(my,m,,0), as in Fig. 1, it can be expressed to first order in the
magneto-optical Voigt constant Q = i€y, /€y as

aooy Fss Ysp N r;?) rf(;)myQ
fmy=\_— )=\ ., 0 rO4 My, o)
ps Tpp sp Tty pp pp Y
(A3)

where the superscripts (0) and (1) indicate the coefficients in
terms independent of and linear in Q, respectively. Note that
r9 = 1. To quantify the difference in reflectivity from the
boundary for two opposite directions of 712, we define a quantity
called the magneto-optical asymmetry A as the normalized
reflectivity difference,

R.—R_

A=t A4
R, + R_ (&4)

where Ry = |E,(in7)|2. From Egs. (A2)-(A4), one can show
that the asymmetry for a sample magnetized in plane, with
components along the x and y axes, to a first order in Q, is

2
[rn|” sin2 6 + |7y |2 cos? 0

where Re is the real part of an expression.

We now consider special cases of expression (AS5) for the
transverse m = (1,0,0), longitudinal m = (0,1,0), and mixed
m= %(1,1,0) magnetization directions. For the transverse
configuration, we obtain

(1 — cos 20)Re(r;)(;,)*r§,‘p) 0)
|r1(3,) |2 sin® @ + |ry |2 cos? 0

(A6)

Ar = Am, =—-1;m, =0) =

; (AS5)

(

which matches with the well-known T-MOKE asymmetry [56]
which is normally defined for p-polarized light, i.e., for
0 = /2. We also recover the result for the L-MOE in the
longitudinal configuration [34],

sin 20 Re[ (rys — r(O))*rQ)Q]
AL = A(mx = O;my = ]) — ) — . pp sp .
|er| sin® 6 + |ry|? cos? 0

(A7)
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For L-MOE, note that the reflectivity change is zero for the case
of s- or p-polarized light, i.e., § = 0,7 /2, and thus an incident
beam with a mixed polarization state is needed to observe a
magnetization-dependent reflectivity change.

Next, we show that it is possible to obtain a unique
solution for the complex Q in the D-MOE geometry, while
also demonstrating that it is impossible to use longitudinal or
transverse geometries for this purpose. We choose a symmetric
configuration with the magnetization set at 45° with respect
to the scattering plane, i.e., m = \%(1,1,0). We would like
to emphasize that the results would still hold for any other
configuration as well, as long as both m, and m , magnetization
components are nonzero. For our case, after expanding the

J

real part in (AS) as Re(z) =
asymmetry reads

1(z 4 z¥), the magneto-optical

1
Ap = A(mx _ — Fp(0)0 + F1(6)0",

1
_; my,———
NG )
(A8)
where we defined the complex factor Fp(6) as
sin 20 (rys — rO) r) + (1 — cos 20)rQr(h
2\/§(|r,(3,) |2 sin® 0 + |ry,|? cos? 6)

Fp0) =

(A9)
To exemplify how this is different from Ay and A, we rewrite
A7 and A; in a similar form,

Ar = Fr(0)Q + Ff0)Q* = fr©O)(ri)*rs,) 0 + ri)ri) %), (A10)
AL = FL@®)Q + F{©)Q" = fLO(re — 1)) 1) Q + (e = rp)r)* Q7] (A1D)
with f7(0) and f7(0) [as well as Fr(0) and Fy(0)] defined as
Fr(6) (1 — cos26)
) = = , Al2
PO A o e
Fr(6) sin 20
fu6) = TS = (A13)

(Vss - rpp) Isp

2(|r)| sin® 6 4 |y, |2 cos? )

It is important to note that the prefactors fr(6) and f1(0), which contain the angular dependence, are purely real, while Fp(9)
has a complex dependence on 6. In order to solve for Q and Q* and thus find the real and imaginary parts of Q, we need two
linearly independent equations. We can obtain those by measuring the magneto-optical asymmetry at two different polarization
angles 6; and 6,. This leads to a system of equations that can be written in a matrix form as

Ay bx Q _ Ax(el)
o d J\Q*) T \A:))’

where the subscript x = T, L, or D. We write explicitly the system matrix Ay for the transverse, longitudinal, and diagonal cases
using Eqgs. (A11), (A12), and (A9), respectively,

(A14)

e ( bT) _ (@0 @0y (AI5)
cr  dr Fr@)rO Q) fr@)rQrix )

a; by fL(Ql)(rss _ r;}?})) rgllj) fL(Ql)(rS; — r(O))r(l)*

AL = = 0) 1) 0)),-(1)* (A16)
cp dp fL(QZ)(rss - rpp) Tsp fL(QZ)(r” - rPP)rfp
b Fp(@ Fj(0
Ap = <CZD D) _ ( p(61) 2( 1)) (A17)
¢p dp Fp(6)) Fp(02)

In order for a linear system with a nonzero right-hand side to have a unique solution, the determinant of the system matrix must
be nonzero. For the matrices (A15)—(A17), the determinants are

det A = fr @) fr@)(|rQ|rD) = [rQP[FD?) = o, (A18)
det Ar, = 10D @) (|rss = rQ Q[ = |res =P = 0, (A19)
det Ap = Fp(01)Fp(62) — Fp(61)Fp(62) # 0. (A20)

(

The determinants for the transverse and longitudinal mag-
netization geometries vanish, while the nonzero determinant
is possible only in the diagonal two-axis geometry under
the condition that cos (6;) sin (6;) # sin (6;) cos (6»), which is
fulfilled when 0, # 0 and 6; # 6,. The latter geometry can
thus be used to extract the full complex Q, and hence e,,,

by measuring the D-MOE response at different polarization
angles.

For the case of thin-film samples with a multilayer structure,
such asin Fig. 1, interference effects must be taken into account
in order to accurately extract €,,. To do this, we compute
the magneto-optical reflectivity of the sample for opposite
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directions of 7 by use of the multilayer modeling formalism
of Zak et al. [57]. From the computed reflectivity, we then
calculate the D-MOE asymmetry to compare with the data.
Because this method does not utilize an analytic expression,
extraction starts with a guess solution for €,, that is then
iteratively adjusted until the calculated polarization angle-
dependent magneto-optical asymmetry fits the experimentally
measured signal to within the experimental uncertainties. As
we show in Sec. III, the multilayer fitting procedure is robust
for the particular sample considered.

APPENDIX B: EFFECT OF OPTICAL ELEMENTS
ON THE MAGNETO-OPTICAL SIGNAL

Here, we verify that the toroidal mirror and the diffraction
grating do not affect our measurements. The former could
potentially introduce ellipticity into the probe beam, while
the latter could have varying diffraction efficiencies for differ-
ent polarization directions which could distort the measured
magneto-optical response of the sample. While the reflectance
of the mirror does depend on the polarization of the incident
light, it does not affect our measurements since we are inter-
ested in the relative change of the magneto-optical reflectivity
upon a full reversal of the sample’s magnetization and not in
its absolute magnitude. For a toroidal mirror consisting of a
Pyrex glass substrate coated with 100 nm of B4C, we calculate
for the S5 Stokes parameter of the reflected beam normalized
by the total intensity, a value S3 < 0.11 (S3 = 0 for linear and
S3 = =1 for circular polarization) at a 6° grazing incidence.
This means that the electric field on the minor semiaxis of
the polarization ellipse is less than 0.055 of the field on the
major semiaxis. Such a small ellipticity can be neglected for
our purposes.

—
$ 50¢ 1
= . 1
2
oh 0
£ 100
8 i
S 2
‘2 150
< -3
el .

50 60 70  x103

Photon energy (eV)

FIG. 9. Influence of the spectrometer diffraction grating on
the measured D-MOE asymmetry: Difference in diftraction
efficiencies of the light reflected from a cobalt multilayer
Si/Si0,(150)/Ta(3)/Co(10)/SizN4(3) for the two opposite magneti-
zation directions #-7. A sawtooth grating made of Zerodur glass and
coated with 30 nm of B4C with a period of 2 um and a blaze angle of
4.7° was set in a conical configuration at a 5° grazing incidence, and
the grating vector was turned by 2° from the normal to the plane of
incidence. These data show that the maximum difference in diffraction
efficiency does not exceed 0.35% for different incident polarization
angles.

Next, we consider the effect of the diffraction grating on
the measured signal. While the absolute diffraction efficiency
does change as we rotate the polarization of the EUV probe,
this change is not of concern for us because our measurements
are differential. However, the polarization state of the light
reflected from the sample could change due to the magneto-
optical rotation. Generally speaking, for the two opposite
magnetization directions of the sample =+, the polarization
states of the reflected light are different. This could result in
different diffraction efficiencies for +m and —m, which would
distort the signal. We confirm that this effect is negligible by
performing a rigorous coupled wave analysis (RCWA) [58-60]
of the grating response to the light reflected from the sample.
The results of this analysis are shown in Fig. 9. First, we
calculate magneto-optical reflections from the sample using
a multilayer approach proposed by Zak et al. [57]. Based on
the calculated reflections, we determine the polarization state
of the reflected light and use it as an input for the RCWA
model. We find that, for our conditions, a change in diffraction
efficiency for the opposite magnetization directions does not
exceed 0.35%, as can be seen from Fig. 9. Such a small change
can be safely neglected.

APPENDIX C: ESTIMATION OF THE
UNCERTAINTY OF ¢,,

Because €, is extracted by use of a fitting procedure
based on the multilayer formalism [57] rather than an analytic
expression, care must be taken in propagating the errors caused
by intensity fluctuations of the EUV probe. This includes
several steps. First, we calculate an uncertainty AA in the
magneto-optical asymmetry defined by Eq. (A4),

(Geone) +(ae)
AA = — AR, ) +| = AR_
oRy OR_
2/R2AR: + RLAR
= 3 , (CDH)
(Ry +R-)

where AR, and AR_ are the root-mean-square deviations
of the reflected intensities for the positive and negative
magnetization directions of the sample, respectively. These
quantities were measured at each harmonic peak of the HHG
spectrum, and they characterize the stability of the source.
In the experiment, the asymmetry was averaged over 100
exposures of the x-ray CCD camera, but only the averaged
values were recorded in order to improve the speed of data
acquisition. We simulate a normally distributed random set of
asymmetries with the calculated standard deviation AA and a
mean A equal to the measured asymmetry. For each asymmetry
from the set, we extract €, and thus obtain a set of €., values
for which we calculate the root-mean-square deviations at each
energy point. This procedure gives us the error bars displayed
in Figs. 5 and 8.

APPENDIX D: AB INITIO CALCULATION OF e,,

We adopt the same approach for the calculation of €, as
in Ref. [20]. In order to account for the lifetime broadening
of the transition from the 3p orbital to the conduction band
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Pure ab initio Im(e,,) for a reduced z-projection of the moment from 1.63 pp to 0.97 pp
T T T T T

, T , .
—0% exchange, 100% magnons
—22% exchange, 78% magnons
0.05 1 100% exchange, 0% magnons| |
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FIG. 10. Ab initio calculated €., of Co without Gaussian broad-
ening and energy shifts for different contributions of the exchange-
splitting reduction and magnon excitation. The total demagnetization
is 42% for each of the calculated €,, spectra.

and for the exact energy of the 3p orbital, we convolve the
theoretical €,, with a Gaussian function and apply a small shift
in energy, to align the theoretical 3 p-semicore level positions
with the measurements. The width and the amplitude of the
Gaussian as well as the value of the energy shift are found
by a least-square fitting of the ground-state theoretical €,, to
the static experimental data. The parameters found from the
fit are then applied to the excited-state values of €., which are
compared to the experimental data at 450 fs in Fig. 8. In Fig. 10,
we are showing the ab initio calculated e, for various values
of exchange splitting and magnon excitation without applying
any energy shifts or Gaussian broadening.

All the curves shown in the figure correspond to a reduction
of the z-axis projection of the magnetic moment from 1.63 5
to 0.97up, ie., to 42% demagnetization, and clearly show
variations in the spectral shape and energy shifts of the
€xy spectrum for reduced values of exchange splitting. This
calculation confirms the original prediction made by Erskine
and Stern [51].
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