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Polarized phonons carry angular
momentum in ultrafast demagnetization
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Magnetic phenomena are ubiquitous in nature and indispensable for modern science
and technology, but it is notoriously difficult to change the magnetic order of a
materialin arapid way. However, if a thin nickel filmis subjected to ultrashort laser
pulses, it loses its magnetic order almost completely within femtosecond timescales'.
This phenomenonis widespread®” and offers opportunities for rapid information
processing® ™ or ultrafast spintronics at frequencies approaching those of light®**2,
Consequently, the physics of ultrafast demagnetization is central to modern
materials research' 7>28 buta crucial question has remained elusive: if amaterial
loses its magnetization within mere femtoseconds, where is the missing angular
momentum in such ashort time? Here we use ultrafast electron diffraction to reveal in
nickel an almost instantaneous, long-lasting, non-equilibrium population of
anisotropic high-frequency phonons that appear within150-750 fs. The anisotropy
planeis perpendicular to the direction of the initial magnetization and the atomic
oscillation amplitude is 2 pm. We explain these observations by means of circularly
polarized phonons that quickly absorb the angular momentum of the spin system
before macroscopic sample rotation. The time that is needed for demagnetizationiis
related to the time it takes to accelerate the atoms. These results provide an atomistic
picture of the Einstein—-de Haas effect and signify the general importance of polarized

phonons for non-equilibrium dynamics and phase transitions.

Sinceitsdiscoveryin1996', the physics of ultrafast demagnetization has
been examined with a wide variety of measurement techniques' "2
for clarifying theinterplay of laser photons, electrons, spins and lattice
dynamicsfor the reaction path. Pioneering works have suggested either
spintransport away from the excited region™" or Elliot-Yafet spin-flip
scattering>®*? as potential mechanisms for the flow of angular momen-
tum. While Eschenlohr et al.” have demonstrated the significance of spin
transport in metal heterostructures, Dornes et al.?? have reported in
ironanultrafast Einstein—de Haas effect via strain waves with collective
atomic motioninadditionto transient lattice disorder®. Instrong laser
fields, spin polarization can be steered away quickly™, but at normal exci-
tation strengths spin transport is not substantial®*. Stamm et al.” have
provided pioneering evidence on the probable role of lattice dynamics
andDiirr et al.** have discovered a stepwise phonon dynamics, but Chen
etal.” have denied the relevance of phonon dynamics expect for their
later participationinthe back reaction. Acomprehensive picture of the
reaction path under conservation of angular momentum is therefore
not available, although it touches the foundations of magnetism and
spintronics and may help toimprove the efficiency, speed or versatility
of devices for rapid data storage and manipulation.

Experiment

Here we use ultrafast electron diffraction with terahertz-compressed
electron pulses®asadirect probe of lattice dynamicsinspace and time.

Figure 1a depicts the experiment. A single-crystalline layer of nickel
with a thickness of 22 nm is epitaxially grown on a single-crystalline
silicon membrane with a hydrogen-terminated (100)-surface; see
Fig.1band Extended DataFigs.1,2. Demagnetization by 40-50% is trig-
gered by femtosecond laser pulses (Extended Data Fig. 3) and probed
by terahertz-compressed femtosecond electron pulses at a kinetic
energy of 70 keV (ref.?%). The base temperature of the experiment is
340 + 50 K (see Extended DataFigs. 4, 5). Theinitial in-plane magnetiza-
tiondirection before each pump-probe cycle is defined by permanent
ring magnets (see Fig.1a) that canbe rotated around the zaxis to study
time-dependent Bragg diffraction as afunction of the absolute magnetic
field direction along nickel’s [100] or [010] axis (see Fig. 1b).

Results

Figure1d depictsthe electrondiffraction pattern without laser excita-
tion. Nickel Bragg spots are observed at the expected diffraction angles
(dotted circle) atarocking curve width (Fig. 1e) that indicates asingle
crystal with about +2 atomic displacements over the layer thickness
along the zdirection. Some additional spots from the silicon support
membrane, for example (220) and (220), appear at slightly smaller
diffraction angles (Fig. 1f). The faint ring inside of the dashed line and
the four very weak spots at 45° are caused by nickel’s NiO, termination.

After femtosecond laser excitation, the silicon pattern remains nearly
constant but the nickel diffraction changes owing to structural
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Fig.1|Pump-probe electron diffraction measurements of atomic motions
during ultrafast demagnetization. a, Experimental arrangement. Ultrashort
electron pulses (blue) are compressed by THz radiation (black) and probe the
laser-excited lattice dynamicsin asingle crystal of nickel (light green).
Permanent magnets (blue and red poles) provide aninitial magnetization
(green) along selected crystallographic axes without deflecting the electron
beam. b, Epitaxial growth of nickel onsilicon; Ni-(100) attaches to Si-(100) at an
angle of 45°. ¢, THz streaking data for characterizing the all-optical

dynamics of the lattice. Although we see within the measured delay
range of several picoseconds no measurable broadening of the Bragg
spots and no displacements (see Extended Data Fig. 6), indicating
the absence of transient strain or lattice expansion on such time
scale, there are substantial changes of the Bragg spot intensities
(Fig.1g), linked to structural dynamics within the unit cell. Figure 2a
shows the intensity of nickel’s symmetry-equivalent Bragg spots
l00;= Zl(’zoo+ lo20* 200+ loz0) and 550, = %(/220+ I3+ 3o+ I330) as @
function of time. We see that the elevated lattice temperature after
laser excitation diminishes the Bragg spots viathe Debye-Waller effect.
The effective electron-phonon coupling time? is 770 + 60 fs (solid
line) and the measured ratio (1-/5,0,)/(1-/;90) =2 matches the
expected picture of arandom disorder in the lattice in form of a tran-
sient temperature increase'?>%,

However, additional anisotropic phonon distributions are revealed
by an asymmetry analysis of pairs of Bragg spots that have crystal-
lographic equivalence but differ in their orientation with respect to
the magnetic field. In particular, we compare (200) and (200) with
(020) and (020), that is, the upper/lower with the left/right Bragg
spotsonthecircleinFig.1d. Any lattice fluctuationsin formofatran-
sient temperature can only affect all these four spotsin the same way
(see Extended Data Figs. 7 and 8), and differences in their dynamics
therefore reveal anon-thermal phonon dynamicin violation of equi-
partition.

Figure 2b shows the results. Spots (200) and (200) become more
intense than (020) and (020) if the initial magnetic field is set along
nickel’s[100] direction but the ratio reverses for aninitial magnetiza-
tion alongthe [010] axis. The time it takes to develop this anisotropy
is 150-750 fs (see Extended Data Fig. 9) and there is no detectable
onset of a decay within the measured delay range. The anisotropic
effectamounts toroughly 25% of the isotropic phonon fluctuations.

Therefore, laser excitation of pre-magnetized nickel not only causes
anultrafastincrease of lattice temperature in form of isotropic atomic
displacements (see Fig. 2a), but also an additional, long-lived and
anisotropic lattice motion relative to the direction of the initial mag-
netization (see Fig. 2b). This result implies an ultrafast, non-thermal
phonon dynamics with adirect magnetic origin. Spins couple quickly
and directly to symmetry-breaking high-frequency phonons with an
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compression of the electron pulses. Inset, schematics of the streaking of an
electron pulse (blue) by asingle THz fields cycle (black) for mapping time to
position.d, Diffraction patternbefore laser excitation. The green arrows
denote different magnetic field directions thatare probed. e, Rocking curve of
the Ni(020) spot. The widthis 6.5°.f, Magnification of the Ni(020) spot (dashed
area) and surroundings. g, Difference image around the Ni(020) spot; data
before time zerois subtracted from averaged databetween 2and 4 ps.

oscillation in real space in perpendicular direction to the initial mag-
netization, providing a direct observation of ultrafast spin-phonon
coupling that has so far only indirectly been inferred®.

Interpretation

We argue in the following that the origin of our observations is rota-
tional atomic motions with angular momentum, thatis, phonons with
acircular polarization® 32, Figure 2c depicts such dynamics: atoms
move around their equilibrium position with a rotation axis that is
aligned with the magnetic field and with an average radius and velocity
thatare determined by the spinangular momentum thatis lost during
demagnetization. Consequently, we perceive with our electron diffrac-
tion an anisotropic atomic disorder via attenuated Bragg spots only
along such crystallographic directions that align perpendicularly to
the initial direction of magnetization.

We support this interpretation by a nearly parameter-free consid-
eration of conservationlaws in combination with molecular dynamics
simulations. Prior to demagnetization, each nickel atom carries amag-
netic moment of u . = 0.61,, where pg is Bohr’s magneton. Demag-
netization by D = 50% (Extended Data Fig. 5) implies that each nickel
atom must get rid of a spin angular momentum of AL = D”,L‘h =0.16A,
where g’=1.855 is the gyromagnetic ratio of the electron. NO angular
momentum can travel out of the excited region on femtosecond and
picosecond timescales. Ifthe lattice accepts this AL in form of rotational

dynamics, each atom must move around its equilibrium position within
AL

the unit cell with an average radius of R= |- where My; is the
mass of a nickel atom and w is the angular frequency of the rotation,
to conserve total angular momentum. The phonon spectrum of nickel
hasapeakin the density of states around w/2m =~ 8 THz(ref.**) and with
this assumption we obtain R=1.9 pm.

In electron diffraction, the intensity / of a Bragg spot is related to
random atomic displacements via the Debye-Waller factor
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Fig.2|Time-resolved diffractionresults. a, Bragg spotintensities for two
different diffraction ordersasafunctionoftime. The solid lines denote adecay
time of 770 fs. Origin of this observation is thermal disorder. The standard error s
4x107*.b, Anisotropy between crystallographically equivalent Bragg spots of
differentorientationwithrespect to theinitial magneticfield. /o0, = Zi(l200 +1300)
and /i, = 21(1020 +1g30)- Thegreenarrows denote aninitial magnetization along
Ni[100] (blue data) or Ni[010] (red data). The standard erroris 7 x 10™*. The dashed

where h,k,l are the Miller indices of the Bragg spot, /, is the intensity
without disorder, a = 352 pm s the lattice constant of nickel, u,,, are
the atomic displacements and ) denotes an averaging over the probed
crystal volume. The inner product in equation (1) makes such Bragg
spots with a zero in one of the Miller indices insensitive to atomic dis-
order along the corresponding dimension in real space. If the initial
magnetization aligns with y, atoms are only displaced along x and z
(seeleft panelin Fig. 2c). Under the assumption of a circular trajectory
withu, =Rcos(®), u,=Rsin(¢)andu, =0, where ¢isasupposedly ran-
domrotational phase for each atomin the laser-excited crystal volume,
we obtain I//, = 0.998 for Bragg spots (200) and (200). Since I/l, =1for
(020) and (020), the measured ratio /5, /19,0, becomes 0.998.1n con-
trast, aninitial magnetization along x (right panel in Fig. 2c) produces
15003/ I1020; = 1.002. Despite its simplicity, this estimation reproduces
the measurement results of Fig. 2b in magnitude and sign. We conclude
thatalmostall or atleast asubstantial fraction of the angular momen-
tum of the spin system arrives within hundreds of femtosecondsin the
lattice in form of rotational motions of the atoms.

Molecular dynamics simulations

Molecular dynamics simulations support this interpretation. Assum-
ingademagnetization of 42%, we let every seventh, randomly selected
nickel atom receive one quantum of angular momentum (Fig. 3a) and
compute electron diffraction patterns by averaging over up to 100
simulation runs. In this way, we excite the entire phonon spectrum
atonce and let the system decide which ones will prevail. Figure 3
depictstheresults. After laser absorption, the system quickly develops
into a distribution of anisotropic high-frequency oscillations with an
asymmetric velocity histogram (Fig. 3b) in violation of equipartition.
Figure 3c shows the simulated Bragg spot anisotropy in analogy to the
measured data of Fig. 2b. All traces (denoting different numbers of
nickelatomsinthe simulation volume) resemble the key feature of the
experiment, namely the almost instantaneous onset of a substantial
and long-lasting Bragg spot anisotropy at alevel shortly after time zero
that matches to the experiment.

Quantitatively, the main uncertainty in the analytical estimations
is the average phonon frequency> and the main uncertainty in the
experiment is the particular degree of demagnetization (Extended
DataFig.5). Without any free parameter in the simulations, the abso-
lute anisotropy values of our three results (experiment, analytical,
simulations) are therefore consistent to each other within an esti-
mated maximum mismatch of 30%. The sign of the anisotropy and the
orientation of the polarization plane are consistent for all three cases
as well. In all three pictures, the anisotropic lattice motion appears
within sub-picosecond times, aligns to the magnetic field normal and
shows anatomic mean square displacement that fits to the necessary
angular momentum.

Electron beam

Polarized
phonons

lines depict the upper and lower level of the fit histogram; see methods. The
measured levels after saturation (1ps <t <4 ps)are 0.9981 + 0.0005 (red data) and
1.0019 + 0.0007 (blue data) under the constraint of an antisymmetric effect.
c,Suggested origin of the results: Aloss AM of magnetizationimplies aloss of
angular momentum AL thatis carried by atomic rotations. This motionis
restricted toaplane thatis perpendicular to the direction of magnetization.
Electrondiffraction (blue arrow) thereforereveals an anisotropic atomicdisorder.

Consequences and relations to previous results

To explain these observations, the spins of the hot electron gas must
rather directly and efficiently couple to the atomic vibrations before
the material can reach a thermal equilibrium. Numerical simulations
of non-equilibrium Elliot-Yafet scattering have indicated the general
feasibility of such dynamics®'®", although the magnitude of the effec-
tive coupling constants>>'®%, the role of the phonon dispersion® or the
necessity for non-thermal electrons® have remained elusive. Given our
measurement results, direct spin-phonon coupling isindeed efficient
by involving phonons with high frequencies and specific polarizations.
Diffusive or superdiffusive spin transport™™ or strain waves? play a
minor role for the primary dynamics in our material.

Inthe simulations, the total energy associated with the phononangu-
lar momentumis roughly 4 meV per nickel atom, whichis several times
smaller than the total energy that is deposited by laser absorption,
approximately 25 meV per nickel atom. Only afraction of the absorbed
laser energy therefore contributes to the rotational phonons, while the
rest merely heats the material via the remaining degrees of freedom.
Competition between these two channels controls the achievable
degree of demagnetization and explains why more demagnetization
can occur in nickel at elevated base temperature® or why less and
slower dynamics is measured for different chemical elements***” with
their distinct electron and phonon dynamics. The reported results
therefore link the success of phenomenological multi-temperature
models#%3* to an atomistic description. The recent observation of
adirect spin-strain coupling iniron®is in our picture a preferential
coupling of spins to circularly polarized phonons near the center of
the Brillouin zone.

Transfer of the initially coherent laser excitation into the observed
anisotropic, high-frequency lattice fluctuations implies an ultrafast
localization of the excitation to single atoms or at least tiny domains,
to break translational crystal symmetry. If all atoms in the laser
focus would be subject to identical forces, only macroscopic waves
could emerge at the speed of sound, contrary to our observations.
Non-equilibrium fluctuations, atomic-scale symmetry-breaking, and
non-concerted forces are therefore necessary to explain the measured
diffraction results.

Assorted experiments have shown that ultrafast demagnetization
needs a finite time to occur, at least 150-300 fs in nicke[*>****3¢ and
several picoseconds in rare-earth metals*®’. Our results explain this
bottleneck by the finite time that it takes to accelerate the lattice atoms
into their polarized motion. The duration of this process depends on
the amount of angular momentum in the spin system, the spin-orbit
coupling, the strength of the coupling between spins and lattice, and the
ability of the lattice to build up internal angular momentum. Note that
electrondiffraction becomes only sensitive to polarized phonons after
the atoms have actually moved while demagnetization only requires
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Fig.3|Molecular dynamics simulations. a, After laser excitation (red pulse),
we excite thelattice by instantaneously displacing anatom locally fromiits
equilibrium position assumingavelocity in the x-z plane perpendicular to the
displacement (blue motion), leading to anangular momentum of Ziny
direction (blue), compensating the lost spin angular momentum (blue arrow).
Bragg peaksare calculated for the indicated electron beam direction (light
blue). b, Velocity histogram for the time range of the first 500 fs, violating
equipartition. Motion s faster (and displacements are larger) in the x direction
thanalongy. ¢, Simulated electron diffraction and Bragg spot anisotropyin

their acceleration. The time constants of Fig. 2b are therefore upper
limits for the time in which the angular momentumarrivesin the lattice.

The anisotropic phonons persist for picoseconds in the experiment
and for tens of picoseconds in the simulations (see Extended Data
Fig.10). We suppose that circularly polarized phonons are not free to
thermalize into anisotropic equilibrium due to the necessary conser-
vation of angular momentum. If so, the total angular momentum in a
lattice can persist longer than the specific subset of high-frequency
phonons that is initially excited. Macroscopic removal of angular
momentum can only occur through phonon-phonon scattering into
low-frequency sound and strain waves that carry angular momentum
away from the probing region and eventually mediate the onset of a
macroscopic rotation®. Consequently, the traditional explanation of
the Einstein—de Hass effect as a direct transfer of spin angular momen-
tumtospecimenrotation?? should be amended toinclude an intermedi-
atesituationinwhich the angular momentumis carried by arotational
dynamics of thelattice** . In turn, a dedicated excitation of rotational
lattices may produce an atomistic version of the Barnett effect and cre-
ate magnetic fields*>%. The unifying principles are the conservations
of energy and angular momentum on atomistic dimensions.

To conclude, ultrafast electron diffraction of laser-demagnetized
nickel reveals an almostinstantaneous, long-lasting, non-equilibrium
population of anisotropic phonons that oscillate predominantly ina
plane perpendicular to the direction of the initial magnetization. A
direct, efficient and ultrafast interaction of spins with high-frequency
phononsistherefore decisive for the dynamics of magnetic materials.
Rotational lattice motion on atomic dimensions can carry angular
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Fig.4|Sequence of events. After the laser (red) hasimpinged on our
magnetized material (M, green), hot electrons with spin quickly couple to
anisotropicand circularly polarized phonons with angular momentum (middle
panel). The material is demagnetized at this point. Only later, low-frequency
shear waves mediate amacroscopic rotation of the specimen as awhole (right
panel). Compare withref.>.
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analogy to Fig.2b. Blue and red data denote aninitial magnetizationalong
Ni[100] and Ni[010], respectively. In our simulations this corresponds to
swapping the definition of xand y axes, so that our dataare simply mirrored.
N=20 (N=50) corresponds to about 4 x 20° (4 x 50%) nickel atoms, both with
openboundary conditions; PBC corresponds to about 4 x 20% nickel atoms with
periodicboundary conditions. The initial anisotropy level after laser excitation
issimilarinall cases and fits to the experiment (see Fig. 2b). The decays for the
smaller simulation volumes denote the onset of macroscopicrotation

(see methods).

momentum before the onset of amacroscopic Einstein-de Haas rota-
tion (Fig.4).Hence, circularly polarized or chiral phonons are not only
apeculiarity of crystals with broken inversion symmetry*>***°but can
alsobe created in substantialamounts on femtosecond time scales with
help of simple magnetic materials. This result suggests the possibility
of utilizing phonon-based or phonon-assisted spin transport for appli-
cations in spintronics and for improving the speed and efficiency of
ultrafast magnetic switching. A dedicated excitation and subsequent
probing of polarized phonons or related hybrid quasiparticles with
angular momentum may also provide innovative ways for understand-
ing and optimizing the functionality of complex materials from an
atomistic perspective.
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Methods

Thinfilmgrowth

A35nmthickand 3 x 3 mm?large single-crystalline Si(100) membrane
is ultrasonically cleaned in acetone and ethanol, rinsed with water
and dipped in 5% hydrofluoric acid for approximately 15 s to prepare
ahydrogen-terminated silicon surface**. Direct-current magnetron
sputtering is used to grow an epitaxial Ni film with 22 nm thickness at
adepositionrate of 0.41 A s (refs. %) by metal-metal epitaxy on sili-
con (MMES)** We use direct current (d.c.) magnetron sputtering as
describedinrefs. **°, One of the three 2” sputter gunsis loaded with a
6.3 mmthick, 99.99% pure Cu sputter target and asecond sputter gunis
loaded with al.4 mmthick 99.99% pure Nitarget. The distance between
the sputter target and the substrate is approximately 11 cm normal
to the surface of the substrate. The film thickness is time-controlled
withadeposition shutter thatis located between the sputtering target
and the substrate. The system is pumped down to a base pressure of
approx. 3 x 10~ mbar and the substrate is cooled to 273 K, where it
is allowed to stabilize for 1 h before commencing the deposition. To
remove any potential dirt from the sputtering target, we apply 10 min
of pre-sputtering with closed deposition shutter. An initial 6 nm of
Cuseed layer is deposited at an ultra-high purity (7N) Ar working gas
pressure of 2.55 x 10 mbar and a sputtering power of 50 W, resulting
inadepositionrate of 0.5 A s™'. Consecutively, the Nilayer is deposited
onto the seed layer at aworking gas pressure of 4.0 x 10> mbarand a
d.c.sputtering power of 50 W, resulting ina depositionrate of 0.41 A s™.

X-ray characterizations

After deposition, the sample is characterized ex-situ by X-ray reflec-
tometry (XRR) as well as out-of-plane (oop) and in-plane (ip) X-ray
diffraction (XRD). In the following, A is the wavelength of the applied
X-ray radiation, B(26) is the full-width-at-half-maximum (FWHM) of
the diffraction peak and @is the angular peak position. Supplemental
wscans (also known asrocking scans) are performed for the XRD case,
whichallows to determine the mosaic spread, viz. the directional align-
ment of the crystallites. For a Gaussian shaped rocking scan, the mosaic
spread is quantified by its corresponding standard deviation g = ZF‘JN%
(ref.>"). The size of the crystallitesis analogous to the coherence length
L, which canbe estimated by the Scherrer formula® B(20) = LO';“SAG with
B(260) and @in radians units.

Instrumentation. The oop structural analysis was performed using
atwo-circle X-ray diffractometer with parallel beam optics and Cuy,
source in a 8- 26 scattering geometry (D5000, Siemens GmbH). The
instrument resolution of the X-ray diffractometer is 0.023°, given by
the FWHM of the Si(004) out-of-plane rocking-scan. This value is small
enough suchthatinstrumental broadeningin the analysis of the depos-
ited Cuand Nifilms canbe neglected. Forip structural analysis, we apply
afour-circle X-ray diffractometer, also with parallel beam optics and
Cu,,sourceina@-26scattering geometry (D8, Bruker GmbH). It offers
additional axes for sampleinclination (x) relative to the scattering plane
and axis rotation (¢) around the sample normal. This capability allows
toaccessip crystalinformation. Aninstrument resolution of 0.031°is
determined from the FWHM of the Si(004) out-of-plane rocking scan.

X-ray reflectivity. For XRR analysis, the sampleis aligned with respect
toits surface by maximizing the intensity in the regime of total reflec-
tion. Quantitative analysis of the XRR data was carried out using the
GenX 3.0.0 software package®. For data fitting, the logarithmic figure
of meritFOM =} [log R, — 108 R, casl is used, where Ry, is the fitted re-
flectivity and R,,..,; is the measured reflectivity, respectively. We assume
alayer structure of NiO, on Ni on Cu on Si. NiO, denotes the natural
nickel oxide layer that is expected to form at the surface after the thin
film deposition process and a small additional layer of unknown surface

coverage (dirt) isalsoallowed inthe fits. Extended Data Figure 1a depicts
the measured X-ray reflectivity data, the best fit results and the scat-
tering length density profile.

Out-of-plane X-ray diffraction. For XRD analysis, the sampleisaligned
with respect to the Si(004) oop reflection as a well-defined reference
for the determination of the crystalline directions of the deposited Cu
and Nifilms. Inthe following, a, band crepresent the lattice constants
along the crystallographic directions [100], [010] and [001]. Extend-
ed Data Figure 1b depicts the oop XRD measurements in the range
40°<26<60°. The observed intensities at 20 = 50.53° and 26 = 52.13°
correspond to the Cu(002) and Ni(002) reflections with c-axis lattice
constants of cc, =3.612 + 0.003 Aand ¢, =3.509 + 0.003 A, respectively.
By applying the Scherrer formula (see above), we estimate a coher-
encelengthof L(001)¢, =159.5+2.7 Aand L(001), =221.1+2.7 A. These
lengths are of the same order of magnitude as the corresponding layer
thicknesses. Thisresultindicates that thereis no break of the epitaxyin
growth direction. Also, the rocking-scans (see inset of Extended Data
Fig. 1b) reveal no indication of any crystal defects along the growth
direction. Inparticular, we observe no splitting of the rocking curve into
multiple peaks**; the measured FWHM values of FWHM, = 5.6 + 0.1°
(0c, =2.378 £ 0.042) and FWHM,, = 4.4 + 0.1° (0, = 2.378 + 0.042) are
in agreement with literature values***”*! for Cu and Ni films of similar
thickness. Note that the electron rocking curve (Fig. 1e) is slightly wider
duetoelectron energy losses.

In-plane X-ray diffraction. An oop analysis alone is not sufficient for
proof of an epitaxial growth, because crystalline misalignment canalso
occur ip. Additionally, we aim for determining the crystallographic
orientation of the Cuand Nilayers withrespect to the substrate. There-
fore, ip sensitive scans are performed with the sample being aligned in
xand ¢ withreference to the Si(004) and Si(111) substrate reflections.
Setting the 20 angle to the Si(111), Cu(111) and Ni(111) ip peak positions
and rotating the sample around its normal ¢ at the corresponding
inclination angle Ay = 54.74° between the (001) oop and (111) ip crys-
tal directions provides information on the ip crystal symmetry. The
three ¢ scans for the Si(111), Cu(111) and Ni(111) ip peaks are shown in
Extended Data Fig. 1d.

A clear fourfold symmetry of the Cu(111) and Ni(111) ip reflections is
observed with an offset angle of 45° to the Si(111) substrate reflections.
This result demonstrates that Ni grows epitaxially on the Si(100)
surface with the relationship Ni[001]|Cu[001]||Si[110] and
Cu(001)|INi(001)|Si(001) . The observed intensities at 260 = 43.41° and
20=44.47° (see Extended DataFig. 1c) correspond to the Cu(111) and Ni(111)
reflections with diffraction plane spacings of d.(111)=2.084 + 0.004 A
and dy;(111) =2.037+ 0.003 A, respectively. Assuming a = b, the ip lattice
parameters of the Cu and Ni-films are obtained via geometrical relation-
shipsasac, = bc, =3.608+0.008 Aand ay; = by;=3.539 +0.008 A.In[111]
direction, we obtain coherence length values of L(111)¢,=258.8 £ 1.8 A
and L(111),; =305.7 £ 1.7 A, from which we infer lateral coherences of
L(100)¢, =L(010),=144.1£2.1Aand L(100); = L(010); =149.3 £ 2.6 A.
These values are comparableto the coherencelength of the electronbeam
(-200 A). The observation of weak Cu(111) and Ni(111) reflections for
Ax =79.00° at ¢ =10°,80°,100°,170°,190°,260° and 350° (red curve in
Extended Data Fig. 1e) and for 4y =15.80° at ¢p = 45°,135°,225° and 315°
(blue curve in Extended Data Fig. 1e) indicate the presence of occasional
(111)-plane twin defects®**. For the Ni(111) reflections, the strongest inten-
sityisobserved ataninclinationangle of Ay =54.51°instead of Ay =54.74°,
which would be expected for a cubic system. This mismatch indicates a
slight tetragonal distortion of the Nifilm, confirmed by ip diffraction scans
in the range 42°<260<46° at an inclination angle of 4y = 54.51°
(see Extended DataFig.1c). However, suchasmall distortionisirrelevant
for the ultrafast electron diffraction experiments, because the electron
beamdivergence and rocking curve widths far surpass the measured angle
differences.



Pump probe electron diffraction

Sub-100-fs laser pulses for sample excitation at a repetition rate of
25-50 kHz are obtained from an Yb:YAG laser system (Pharos, Light
Conversion UAB) by applying a series of two self-defocussing bulk
media for spectral broadening® followed by a grating sequence (see
below). Knife-edge measurements reveal an optical beam radius
w,~150 pmatanintensity of 1/e*at the sample position. The excitation
energy density (fluence) at the beam centre is set to ~4 mj cm 2 of which
~1.5mJ cm™2are absorbed, conditions for which nickel demagnetizes
by ~50% within ~250 fs (ref. %).

For ultrafast electron diffraction>”®, short electron pulses are gen-
erated by two-photon photoemission® and accelerated to a kinetic
energy of 70 keV. We use 10-20 electrons per pulse, just below the onset
of detectable space-change effects. The electron beam diameter (full
width at half maximum) at the specimenis ~60 um. The electron pulses
are compressed in time?® by single-cycle THz pulses at an ultrathin mir-
rormembrane of 10 nm Alonal10 nmSiN support membrane®, placed at
adistance of 0.4 mfromtheelectronsource and 0.5 mbefore the speci-
men. All-optical streaking®® is used to characterize the electron pulse
duration directly at the specimen location (see Fig. 1c). The streaking
elementis abutterfly-shaped copper resonator (400 pm width, 400 pm
height, 56 um gap width, 80 pm gap height) thatis excited by ~10°Vm™
of THz peak field strength. A 50-umaperture improves the resolution
of the streaking signal. Electron pulse durations of <130 fs, <120 fs,
<75fsand <80 fs (upper limits due to streaking resolution) are obtained
for the diffraction scans that are combined in Fig. 2a, b. The time
mismatch originating from the 25° laser-membrane angle is ~100 fs.
Thetemporal apparatus functionis~150 fs (full width at half maximum).
Recording meaningful electron diffractionimages withsingle-electron
pulsesimplies dataaccumulation over many pump-probe cycles. Meas-
ured diffraction patterns are therefore statistical averages over space
and time?,

The whole magnetic assembly of Fig. 1a can be rotated around
the z axis to study time-dependent Bragg diffraction as a function
of the absolute magnetic field direction along the x axis or y axis,
thatis, the [100] or [010] direction of the nickel crystal (see Fig. 1b).
The diffraction pattern is imaged onto a single-electron sensitive
detector system (F416, TVIPS GmbH) with a magnetic solenoid lens
with calibrated image rotation. Consequently, the measured Bragg
spots onthe screen are linked to the crystallographic orientation of
the sample and the absolute direction of the initial magnetization.

57,58

Base temperature of the pump-probe experiment

The base temperature of the sample before laser excitation is deter-
mined by comparing Bragg diffraction before time zero with diffraction
patterntakenwithoutany laser excitation at all. This changeis less than
0.5% for the Ni(200) spot and less than 1% for the Ni(220) spot. Using
reported values for the mean square displacement u?as a function of
temperature®, wecalculatethe Debye—Wallerfactori =exp (%1 |G| u?
asafunctionoftemperature; Gis the reciprocal lattice vector. We infer
that the specimen has abase temperature not larger than~50 K above
thelaboratory temperature before each excitation with the pump laser.
Numerical simulations support this result (see below).

Bragg spot analysis procedure

For analysis of time-dependent Ni Bragg spot intensities, an elliptical
regionis selected for each Bragg spotin away that minimizes overlap
with the adjacent Si peaks; the unit cell of nickel in [100] direction is
~8%smaller than the unit cell of siliconin [110] direction. For eachimage
and Bragg spot, intensity in thisregionis summed up. Time-dependent
intensity changes /,,(¢) are obtained by reference to the measured
intensity before time zero, thatis, I, (¢) = 1}3] (©) /1}3] (¢ < 0) where [}3]
denotes theintegrated digital countsin the area of the spot (see Fig. If).
In this way, any systematic sensitivity variations of the apparatus

cancel out. Additionally, we normalize /, (¢) to /oo (¢) in order to com-
pensate for potential temporal drifts of the electronbeam. About 250
pump-probe scans over the measured time range are performed rap-
idlyinordertoaverage out potential long-term drifts of the experiment.
In Fig. 2b, the data is scaled to an anisotropy of one at delays below
zero.

We note that the selected way of averaging opposing Bragg spots
makes the experiment particularly insensitive to potential
time-dependent deviations of the Bragg condition. Bragg spots (200)
and (200) as well as (020) and (020) are Friedel pairs and for a sym-
metric diffraction pattern their sumis insensitive totilt or shear of the
lattice. Also, the rocking curve shows some residual broadening (see
Fig.1le). We therefore probe exclusively sub-unit-cell dynamics and
atomistic disorder, not mechanical strain waves or torques. The beam
electrons interact with the integrated electrostatic potential of the
atoms in the material and our experiment therefore measures solely
atomic positions via nuclear charges and inner electrons and not any
valence electron dynamics or electronic angular momentum.

Molecular dynamics simulations

Molecular-dynamic simulations are carried out with LAMMPS® ** using
the implemented symplectic velocity Verlet method which ensures
energy conservation and, for open boundary conditions, angular
momentum conservation. A nickel fcc lattice of size N x N x Nunit cells
(=4N>atoms) is simulated using the appropriate potential, which was
calculated viathe embedded-atom method (EAM) and isimplemented
in LAMMPS®, Starting from its ground state the lattice is excited by an
initial condition as described below. To compare the resulting dynam-
icswith the experimental measurements, time-dependent diffraction
patterns/ (k, ¢) are calculated using the selected areaelectron diffrac-
tion method (SAED) of LAMMPS® for electron diffraction with an inci-
dent radiation from direction e, and a wavelength 1= 0.04635 A. We
simulate N,, =10, ..., 100 different initial conditions (depending on
the system size) and average the resulting intensities D,y The inte-
grated peakintensities, from which the peak contrastis calculated, are
defined by

Uk, 0)yy d?k, (SL1)

lyzo)(®) =jk

“Kozol<e

where £= 0.1 A is the radius in momentum space the diffraction
patternisintegrated over. We study three different systems: (i) for a
nickel lattice with open boundary conditions along all directions,
energy- and angular momentum conservation is ensured. A global
rotation of the crystal is possible and boundary effects as well as
finite-size effects can be observed. The ground-state atomic positions
have to be simulated before it is excited via the initial condition.
(ii) For periodic boundary conditions along all directions only energy
conservation is ensured. No global rotation can occur, no boundary
effects can be observed, but finite size effects still exist. (iii) To inves-
tigate a global rotation of the system according to the Einstein-de
Haas effect, no direct molecular dynamics simulationis performed,
but the system in its ground state is rotated by the angle ¢ = |®| - ¢,
where w =07 L, with the total angular momentum L, and the iner-
tiatensor 0.

Initial condition. We mimic an excitation of the lattice with finite
angular momentum L, which takes over the spin angular momentum
corresponding to a demagnetization process of AM=-AM - e, via
appropriateinitial conditions, suitable for molecular dynamics sim-
ulations. Within our model, the angular momentum is transferred
instantaneously and locally to a fraction of atoms . Note that a sole
velocity excitation, for instance, does not excite any atomic angular
momentum, since any atomic motion which startsin an equilibrium
position would have the displacement vector aligned with the
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velocity. Therefore, each excited atom is deflected from its
equilibrium position by A = A(cos(¢), 0, sin(g)) and given a velocity
Vo =Vo(=sin(g), 0, cos(e)), such that the local angular momentum
equals h. The angle @is uniformly distributed in [0,2m] under the side
condition explained below. The resulting angular momentum shows
in-e, direction perpendicular to the excitation plane. Aiming for a
local angular momentum of my;| A x v,| = A, the excitation is chosen
with minimal energy, that is, with A being at the minimum of the
effective potential.

Wefurther aim for zero total velocity of the crystal, 3, #=0,and that
the total angular momentum exactly equals L. This is not trivial for a
system of finite size, such that we use side conditions: first, only half
of the excited atoms are randomly selected. Second, symmetric part-
ners of the randomly selected atoms have to be chosen with respect
tothe crystal’s centre of mass. This ensures my; ¥, r' x ! = L. And third,
half of these symmetric pairs is excited by A and v, whereas the other
halfis excited in the opposite direction by —A and -v,, which delivers
zero total velocity. For an implementation in LAMMPS with periodic
boundary conditions, our initial conditions require a slightly different
algorithm, which alsoyields afixed totalangular momentum and zero
total velocity.

The fraction of excited atoms ¢ can be determined from the satura-
tion magnetlzatlon of nickel, M= p/V,.= 0.616 ,/V, . (ref. ) (where
Vie= 7a >witha=352pmisthe volume ofanfccnickel unitcell) and the
demagnetlzatlon AM via AM=y52 Lo~ 1y12%, where p= gt with
g’ =1.8550(ref.%). Ademagnetlzauon 0f27%,42% and 63%, whichare
the valuesinvestigatedin this paper, correspondto =0.09,0.14,0.21
(see also Extended Data Fig. 10).

Electron rocking curves and multiple scattering effects

The angle-dependent intensity of each Bragg peak within the dif-
fraction pattern is recorded with the ultrafast electron diffraction
beamline at the same experimental conditions and beam parameters
asinthe pump-probe experiments. Only the terahertz compressor
is turned off and the Al foil is removed for simplicity. The sample
isrotated +20° around the [010] axis with 0.25° steps and rotated
by +2.5° around the [100] axis, limited by the mechanical range of
our goniometer. During the scan, the sample’s spatial position is
continuously corrected to keep the specimen central to the electron
beam. Extended Data Fig. 2a shows the rocking curve of the Ni(200)
peak. The full width at half maximum s 6.5°. The narrow spike at ~1°
and ~3° are attributed to the effects of the silicon substrate. In the
pump-probe experiment, such special angles are mostly avoided
(see Fig. 1f). The slight strain of the growth (see above) is helpful
for this purpose.

Magnetic hysteresis measurements and design of the
permanent magnets

The magnetic hysteresis curve of our nickel specimen and the field
needed for sufficient in-plane magnetization by the permanent
magnets are determined with a superconducting quantum inter-
ference device (MPMS XL5 SQUID, Quantum Design). Extended
Data Fig. 2b depicts the results, indicating saturation at ~4 mT. The
permanent-magnetic structure for defining and maintaining a con-
stant in-plane magnetization within the sample is a construction of
two NdFeB ring magnets with10 mm outer diameter, 7 mminner diam-
eter,3mm thickness and aremanent magnetization of ~1.3 T. Two dia-
metrically magnetized ring magnets are aligned with opposite poles
facing each other, providing at the specimen a magnetizing field of
~10 mT in the direction along the surface (see Fig. 1a), more than two
times larger thanrequired for saturation. Boundary element simula-
tions (CST Studio suite, Dassault Systémes) show that even with minor
angular misalignments of up to15° or residual sideways displacement
of up to 100 um the effective magnetic field at the sample is largely
homogeneous and oriented in-plane.

Laser fluence determination and optical absorption depth

The optical beam radius w, =150 pum (at anintensity of 1/e?) at the sam-
ple position is evaluated by knife-edge measurements. Using the
measured average laser power P,,, within the vacuum chamber and the
laser repetition rate f,.,, we obtain the excitation fluence via

1 2 avg
Foeak = cos5%) a? Foen . The cosine term accounts for the stretching of

the horizontal beam profileat25°laserincidence. The optical absorp-
tion of our multilayer specimen as a function of depth is calculated
with finite-time-domain difference simulations. We use Bloch bound-
ary conditions and anincidence angle of the light wave of 25°. Extended
Data Figure 2c depicts the real and imaginary part of the refractive
index of the layer materials (dotted and dashed, respectively) and the
obtainedelectric field amplitude Ein reference to theincoming ampli-
tude E, (solid line). Extended Data Figure 2d shows the simulated opti-
cal absorption density for the parameters of the experiment. We see
an almost constant profile throughout all of the nickel layer (green).
The simulated reflectivity is ~-60% and the transmission is ~10%. More
than 95% of the deposited pulse energy goes into nickel and less than
5% intothe copper seed layer. Although the silicon substrate does not
absorb laser light, it might still heat up alittle by hot electron transport,
because the difference between the work function of nickel (-5 eV) and
the electron affinity of silicon (-4 eV) is comparable to the silicon band-
gap (1.1eV).

Laser pulse compression and frequency-resolved optical gating
In order to reduce the optical pulse duration from our Yb:YAG laser
system (270 fs), we apply a series of two self-defocussing bulk media®®.
First, we use anf=75mm lens and an 8-mm beta barium borate (BBO)
crystal (Dohrer Electrooptic GmbH). The broadened spectrumis com-
pressed withagrating sequence (LSFSG-1000-3212-94, LightSmyth) ata
distance of 2.5 mm. Second, we apply anf=40 mmlens and a 6-mm BBO
crystal. The output pulses are compressed with a 12-mm-thick block
of high-refractive-index glass (SF10) with a group delay dispersion of
~1,300 fs% Residual radiation at 515 nm wavelength is filtered out by
high-reflection mirrors. Frequency-resolved optical gating (FROG)
is used to characterize the pulse duration (see Extended Data Fig. 3),
revealing a full width at half maximum of 90 fs. A replica of the air/
vacuum entrance window in front of the FROG setup ensures a correct
consideration of dispersion.

Heat flow and base temperature

For simulating the base temperature of the experiment due to the
average power of the pump laser, we use anumerical heat conduction
simulation with COMSOL (Comsol Multiphysics GmbH). The relevant
layer sequence of the specimen is applied, but we approximate the
macroscopic membrane (100 x 100 pm?) in cylindrical coordinates
with aradius of r=60 um. The top and bottom surfaces of the thin film
areassumed tobeisolating. A heat sink at room temperatureis placed
alongthe edge of the membrane where the thickness becomes macro-
scopic (0.1 mm) and touches the sample holder. In order to estimate
the base temperature of the experiment, we simulate a heat source
according to the average laser power of ~35 mW of which -15 mW are
absorbed in aradius of w, =150 pm. The time-dependence of the heat
dissipationis simulated by depositing the energy of asingle pulse inthe
nickel layer with the same beam parameters as above. Extended Data
Figure 4a shows the heat map at 20 ps after excitation and Extended
DataFig. 4b shows the resulting long-term radial temperature profile
ofthemembrane. Inthe centre of the beam, the temperature increases
by approximately 60 K, consistent with the results from Bragg spot
analysis (see above). Extended Data Figure 4c shows the time evolution
ofthe front surface of the Ni-membrane atr=0. The resulting heat flow
has two time constants, ~20 ps for equilibration of nickel and silicon
and ~40 ps for dissipationinto the sample holder. The residual heat at
40 psaccumulates over the course of multiple pump pulses (separated



by 40 ps) into the quasi-static temperature profile of Extended Data
Fig.4b.

Magneto-optical Faraday effect

Extended Data Figure 5a, b show measurements of the dynamical
magnetization Min our single-crystalline thin-films via recording the
magneto-optical Faraday effect after laser excitation as a function
of time. The pump pulse parameters are made similar to the condi-
tions of the diffraction experiment, including laser repetition rate,
incidence angle, wavelength and pulse duration. Fluence is adjusted
to slightly below the damage threshold with a similar procedure as in
the diffraction experiment. Extended Data Figure 5a shows the meas-
ured magnetic hysteresis curves for delay times before zero (black) in
comparison to a trace taken 7 ps after laser excitation (blue). We see
the expected decrease of amplitude but no change of shape. Extended
Data Figure 5b shows an analysis of the time-resolved dynamics. The
degree of demagnetizationis 40-50%, the dynamicsis faster than 0.5 ps
and demagnetization persists for tens of picoseconds. All results agree
with earlier observations of similar materials at similar excitation flu-
ences?*s,

Fluence dependence

Extended Data Figure 5c-e shows measurements of the ultrafast pho-
non dynamics as a function of the applied laser fluence. Extended
Data Figure 5c shows the Bragg spot intensity changes of /,,,, after
integration of ¢ > 2 ps (see Fig. 2a). Extended Data Fig. 5d shows the
measured Bragg spot anisotropy, analysed inthe same way asin Fig.2b
andthenintegrated for ¢>2 ps. Thelast data pointsinbothgraphsare
the results from Fig. 2a, b. Extended Data Figure 5e shows the results
of the molecular dynamics simulations as a function of the degree
of demagnetization. Time traces are integrated between 1-2 ps for
n=>50. As predicted by the analytical considerations in equation (1),
the dependenceis linear and the measured fluence data is consistent
with this expectation.

Bragg spot positions and crystal expansion

Onpicosecond timescales, there is not enough time for our specimen
crystalto changeits lattice constants by volumetric effects. Extended
DataFigure 6 shows ameasurement of the positions of the eight nickel
spots of Fig.1d as a function of the pump-probe delay time. All Bragg
spot position changes stay below 2 x10*rad. Our nickel crystal there-
foreremainsinall of the investigated time range inits original volume
without isotropic or anisotropic deformations.

Direct beam effects

Demagnetization of the nickel membrane could potentially distort
the trajectory of the electron beam and thereby produce unwanted
diffraction effects. However, calculations of Lorentz forces predict a
deflection of less than 5 prad. In the experiment, we derive an upper
limit by measuring electron beam deflections at high precision. We
produce by two photoemission laser pulses asequence of two electron
pulsesatatime difference of 30 ps. One of these electron pulses always
passes through the specimen before the laser excitationand servesasa
reference while the other electron pulse is the probe pulse of the experi-
ment. The centre positions of both beams are fitted with pseudo-Voigt
functions. Recording the difference between these two centres cancels
any potential drifts of the experiment and therefore produces a sensi-
tive upper limit for magnetic beam deflections. Extended Data Figure 7a
shows the two electron beams on the screen. Extended Data Figure 7b
revealsthe Debye-Waller effectinthe probe beam (blue) but notinthe
referencebeam (black), as expected. Extended Data Figure 7c shows the
differences between the two beam positions on the screen. All deflec-
tions remain below 5 prad; this is more than 10* times smaller than the
rocking curve width. Dynamical electron beam effects are therefore
not significant for the reported results.

Control experiment onSiand Cu

Extended Data Figure 8 shows an analysis of the Bragg spot anisotropy
of the silicon and copper spots with exactly the same procedure as
itis used to analyse the nickel data. To perform this experiment, the
sample has to be slightly rotated by ~2° to optimize the silicon spots
at cost of nickel intensities (compare Extended Data Fig. 2a), but the
rest of the experiment is kept identical, including the presence of the
permanent magnets, the parameters of the laser and electron pulses,
their pulse durations, the repetition rate and the base temperature.
Extended Data Figure 8a shows the Debye-Waller effect in the Nickel
spots, confirming that the laser excites the material in the same way
as in the main experiment. Extended Data Figure 8b shows the Bragg
spot anisotropy for the silicon and copper spots, evaluated in the same
way asinFig.2. Note thatsilicon and copper layers are on the backside
ofthe specimen and their Bragg spots therefore suffer fromareduced
incomingelectron flux. Thereis no significant dynamics or anisotropy
within the achievable ratio of signal to noise.

Error analysis of the time constants

Here we report the details of determining the time constants for the
Debye-Waller effects (Fig. 2a) and the phonon anisotropy (Fig. 2b)
with their uncertainties and error bars. Ina first analysis, we calculate
the effective Debye-Waller dyamics to be time-fitted by aver-
aging the intensity in the /40 and /40 Spots according to
Yow (0 = Uap0(6) = 1) + 2(I1500)() — 1) . The asymmetry y,,, to be time-
fitted is the difference? between the measured asymmetry data for
the magnetic directions *M (Fig. 2b, blue) and >M (Fig. 2b, red) accord-

11 (t) 1 1 (t)

ing to yasy(t) = 5( /:,(;(.i(r) B l)w + 5(1 B éf,‘;g}n )W , thatis, the aver-
aged difference between the blue and red data in Fig. 2b. We fit both
resulting time traces ypy(f) and y, (¢) individually with an exponential
rise function y(t) =a(1- e /Y1 (t), where His the Heaviside step func-
tion. The free parameters are the amplitude a of the long-time anisot-
ropy level and the response time 7 of the dynamics. To determine fit
values with uncertainties, we use aMonte Carlo analysis®® in which we
generate and subsequently fit 10* data sets in which normally distrib-
uted noiseisadded to the measured dataaccordingto the experimen-
tal standard errors of 1 1072 and 4 x 10~ for the Debye-Waller and
asymmetry data, respectively. Extended Data Figure 9 depicts the
resulting parameter histograms. We find that the asymmetry response
time (blue) is450+ 300 fs (asarange, 150-750 fs) and the Debye-Waller
response time (black) is 770 + 60 fs, where the uncertainties are taken
as the full widths at half maximum of the two raw distributions. The
comparably large uncertainty of the asymmetry response time is a
consequence of residual correlation with the unknown level of the
amplitude (see Extended Data Fig. 9b).

Inasecond analysis, we fit the blue and the red data pointsin Fig. 2a
individually under adherence to the uncertainty range of theindividual
datapoints (see figure caption). With this error propagation, we obtain
635+300 fsand 365 +250 fs, respectively. Alternatively, Monte Carlo
analysis® with uncertainties taken as the full widths at half maximum
provides 625 + 550 fs and 375 + 450 fs, respectively. The difference
between these individual fit values is not significant and both values
submit to the reported overall uncertainty range of 150-750 fs in the
main paper.

Additional molecular dynamics simulation results

Finite-size effect and comparison to periodic boundary conditions.
As the numerical investigation is limited to finite system sizes, we in-
vestigate the influences by testing N=10, 20, 50 (about 4 x10° 3.2 x10*
and 5 x 10° atoms) for open boundary conditions (OBC). Extended
DataFig.10adepicts the anisotropic contrast /o,//ig,0; resulting from
our molecular dynamics simulations. All systems show a very rapid
decay of the anisotropic contrast in ~50 fs, a time scale that is not in
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the focus of our investigation becauseitis shorter than the laser puls-
es that we do not model explicitly. However, we also find a slower de-
cay on the time scale of some picoseconds, which is not observed in
the experimental data (see Fig. 2b). This decay time scales towards a
longer-living anisotropy with system size and is therefore a finite-size
effect. The dashed lines in Extended Data Fig. 10a show simulation
data for systems with periodic boundary conditions (PBC) which
avoids surface effects. Insuch asystem, theinitial angular momentum
L, is not conserved but rather relaxes very quickly on a time scale of
tens of femtoseconds. Nevertheless, the anisotropy remains substan-
tial and persists even longer than for open boundary conditions. Our
interpretation is that the mode coupling—either of transversal and
longitudinal modes or of transversal modes along different direc-
tions—causes the equilibration,amechanism that appears less efficient
for periodic boundary conditions due to the lack of phonon reflections
atthe boundaries. For open boundaries, the finite-size scaling follows
fromthe fact that for larger systems surfaces are lessimportant. Note
that the contrast in the mean-squared velocities 2v5/(v3 + v2)showsa
very similar behaviour, see Extended Data Fig.10b, where the long-time
evolutionis depicted.

We can rule out amacroscopic Einstein-de Haas rotation as expla-
nation for the observed electron diffraction contrast by comparison
with results from asimulated global system rotationin which the total
angular momentum L, is instantly and completely transferred to a
rigid-body rotation. The effect on electron diffraction requires tens
of picoseconds to develop, evident from Extended Data Fig. 10b, blue
trace. Onthe time scale of the experiment, rotation effects are there-
fore negligible. Furthermore, the corresponding angular velocity in
the simulation is prone to finite system size with w < N2, which means
thatitis evenless relevant for the large membrane geometriesin the
experiment. In conclusion, the finite-size effects in our simulations
areessentially boundary effects. This result suggests that anisotropic
peakintensitiesin electron diffraction could persist on time scales up
to100 ps.

Temperature dependence. Theinitial conditions explained above are
designed to model the angular momentum transfer from the spins to
the lattice. The resulting lattice temperature in our simulation is
AT =15K, much lower as compared to the experiment. Lattice tem-
perature is not well-defined on short time scales, since equipartition
is violated. The temperature presented here is therefore defined via
%kBT: v}+v’+v3asameasure for the energy pumpedinto the system.
To test the potential influence of an additional energy transfer from
the electronic system to the lattice, we modify the initial conditions of
our simulations such that we keep the angular momentum, but addi-
tionally impose a higher energy on the lattice by displacing all atoms
that have not been excited with angular momentum by some amount
inrandom directions. This can lead to a much higher temperature of,
for example, AT = 60 K in Extended Data Fig. 10c. Nevertheless, we
determine practically the same anisotropy contrast as compared to
the previous case. We conclude that aninitial temperature before laser
excitation does not affect the anisotropy of our Bragg peaks and the
role of the polarized phonons.

Potential anisotropic lattice potentials

Here, we rule out that the observed Bragg spot anisotropy is caused
by possible anisotropic changes of the lattice potential along the mag-
netic direction. Such abond hardening or bond softening could influ-
ence the atomic fluctuations in an anisotropic way. To exclude the
significance of such effects, we estimate all possible energy scales that
could anisotropically alter the lattice potentials and then show that these
are much smaller than the effects we have measured. The thermo-
dynamic potential G(T, H, S, €) with temperature T, magnetic field H,
magnetization direction S =(S;, S,, S;) and strain tensor € contains
anisotropic magnetic contributions due to magnetostriction or other

magnetic anisotropies’. For bulk nickel, the largest contribution to
the magnetostriction is given by Gy, = By(eS? + €553 + €335)+ ...
with the magneto-elastic constant B; = 1meV per atom’’. Upon complete
demagnetization, this anisotropic energy contribution would vanish.
The strain g; for saturated magnetization in (100) direction is given
by the magnetostriction coefficient A = 4 x 10~>for crystalline nickel”%,
The resulting energy change is therefore G,,,,= B;A = 4 x 10~ meV per
atom. Even for a much larger strain of the order of 1%, the resulting
energy contribution would still be smaller than 102 meV per atom.
A second relevant energy scale comes from magneto-crystalline ani-
sotropy. For nickel, the largest contributionis K; = ~1072 meV per atom’.
Inthin films, there are contributions from surface or interface effects,
reaching a level of up to 10" meV per interface atom for strained Ni
films; see table 3inref. ™,

Both energy scales are by several orders of magnitude smaller than
the energy required to explain the experimental results. The measured
anisotropic contributions to the mean atomic displacement, inferred
fromthe Bragg spots of Fig. 2, require an energy of at least ~4 meV per
atom. This value is more thanafactor of 100 larger than the maximum
energy contributions that can be produced by magnetostriction or
magneto-crystalline anisotropies. Such effects are therefore not sig-
nificant for our results and conclusions.

Gyromagneticratio

Literature discusses two kinds of gyromagnetic factors, g’ and
g (refs.”””). The former is the gyromechanical factor, the latter is called
the spectroscopic splitting factor. Their values are related via
g-2=2-g’,reflecting the different ways to include or not include
orbital angular momentum. For our report, the relevant property is
g’, the ratio between the magnetic moment (comprising spin and
orbital parts) and the angular momentum (also comprising spin and
orbital parts). The other one, g = 2.165 for nickel”, is relevant for
instance in ferromagnetic resonance experiments, where the setup is
not susceptible to the orbital part of the angular momentum.

Data availability

The data supporting the findings of this study are available from the
corresponding author upon request.

41.  Hirashita, N., Kinoshita, M., Aikawa, |. & Ajioka, T. Effects of surface hydrogen on the air
oxidation at room temperature of HF treated Si (100) surfaces. Appl. Phys. Lett. 56, 451-
453 (1990).

42. Mazzara, C. et al. Hydrogen-terminated Si(111) and Si(100) by wet chemical treatment:
linear and non-linear infrared spectroscopy. Surf. Sci. 427-428, 208-213 (1999).

43. Ji, J.-Y., Shen, T.-C. Low-temperature silicon epitaxy on hydrogen-terminated Si(001)
surfaces. Phys. Rev. B 70, 115309 (2004).

44. Kreuzpaintner, W., Stérmer, M., Lott, D., Solina, D. & Schreyer, A. Epitaxial growth of nickel
on Si(100) by dc magnetron sputtering. J. Appl. Phys. 104, 114302 (2008).

45. Kreuzpaintner, W., Stérmer, M., Lott, D., Solina, D. & Schreyer, A. Epitaxial growth of nickel
on Si(100) by de magnetron sputtering. J. Appl. Phys. 104, 114302 (2008).

46. Schmehl, A. et al. Design and realization of a sputter deposition system for the in situ- and
in operando-use in polarized neutron reflectometry experiments. Nucl. Instrum. Methods
Phys. Res. A 883, 170-182 (2018).

47.  Jiang, H., Klemmer, T. J., Barnard, J. A. & Payzant, E. A. Epitaxial growth of Cu on Si by
magnetron sputtering. J. Vac. Sci. Technol. A16, 3376-3383 (1998).

48. Chang, C.-A. Reversed magnetic anisotropy in deformed (100) Cu/Ni/Cu structures. J.
Appl. Phys. 68, 4873-4875 (1990).

49. Chang, C.-A. Reversal in magnetic anisotropy of (100)Cu-Ni superlattices. J. Magn. Magn.
Mater. 97,102-106 (1991).

50. Ye, J. etal. Design and realization of a sputter deposition system for the in situ and in
operando use in polarized neutron reflectometry experiments: novel capabilities. Nucl.
Instrum. Methods Phys. Res. A 964, 163710 (2020).

51.  Hull, C. M., Switzer, J. A. Electrodeposited epitaxial cu(100) on si(100) and lift-off of single
crystal-like Cu(100) foils. ACS Appl. Mater. Interfaces 10, 38596-38602 (2018).

52. Warren, B. E. X-Ray Diffraction (Dover, 1990).

53. Bjorck, M. & Andersson, G. GenX: an extensible X-ray reflectivity refinement program
utilizing differential evolution. J. Appl. Crystallogr. 40, 1174-1178 (2007).

54. Cemin, F. et al. Epitaxial growth of Cu(001) thin films onto Si(001) using a single-step
HiPIMS process. Sci. Rep. 7, 1655 (2017).

55. Chen, L., Andrea, L., Timalsina, Y. P., Wang, G.-C. & Lu, T.-M. Engineering
epitaxial-nanospiral metal films using dynamic oblique angle deposition. Cryst. Growth
Des. 13, 2075-2080 (2013).



56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Seidel, M. et al. Efficient high-power ultrashort pulse compression in self-defocusing bulk
media. Sci. Rep. 7, 1410 (2017).

Srinivasan, R., Lobastov, V. A., Ruan, C.-Y. & Zewail, A. H. Ultrafast electron diffraction
(UED). Helv. Chim. Acta 86, 1761-1799 (2003).

Miller, R. J. D. Femtosecond crystallography with ultrabright electrons and x-rays:
capturing chemistry in action. Science 343, 1108-1116 (2014).

Kasmi, L., Kreier, D., Bradler, M., Riedle, E. & Baum, P. Femtosecond single-electron pulses
generated by two-photon photoemission close to the work function. New J. Phys. 17,
033008 (2015).

Ehberger, D. et al. Terahertz compression of electron pulses at a planar mirror membrane.
Phys. Rev. Appl. 11, 024034 (2019).

Simerska, M. The temperature dependence of the characteristic Debye temperature of
nickel. Czech. J. Phys. B12, 858-859 (1962).

Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput.
Phys. 117, 1-19 (1995).

Foiles, S. M., Baskes, M. I. & Daw, M. S. Embedded-atom-method functions for the fcc
metals Cu, Ag, Au, Ni, Pd, Pt, and their alloys. Phys. Rev. B 33, 7983-7991 (1986).

Sandia National Laboratories LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) https://lammps.sandia.gov/doc/Intro.html (2019).

Coleman, S. P., Spearot, D. E. & Capolungo, L. Virtual diffraction analysis of Ni [010]
symmetric tilt grain boundaries. Model. Simul. Mater. Sci. Eng. 21, 055020 (2013).
Danan, H., Herr, A. & Meyer, A. J. New determinations of the saturation magnetization of
nickel and iron. J. Appl. Phys. 39, 669-670 (1968).

Scott, G. G. The gyromagnetic ratios of the ferromagnetic elements. Phys. Rev. 87,
697-699 (1952).

You, W. et al. Revealing the nature of the ultrafast magnetic phase transition in Ni by
correlating extreme ultraviolet magneto-optic and photoemission spectroscopies. Phys.
Rev. Lett. 121, 077204 (2018).

Volkov, M. et al. Attosecond screening dynamics mediated by electron localization in
transition metals. Nat. Phys. 15, 1145-1149 (2019).

Lee, E. W. Magnetostriction and magnetomechanical effects. Rep. Prog. Phys. 18,
184-229 (1955).

Guo, G. Y. Orientation dependence of the magnetoelastic coupling constants in strained
FCC Co and Ni: an ab initio study. J. Magn. Magn. Mater. 209, 33-36 (2000).

Grossinger, R., Turtelli, R. S. & Mehmood, N. Materials with high magnetostriction.

In 13th International Symposium on Advanced Materials (ISAM 2013) 60, 012002 (2014).

73. Pateras, A. et al. Room temperature giant magnetostriction in single-crystal nickel
nanowires. NPG Asia Mater. 11, 59 (2019).

74. Farle, M., Mirwald-Schulz, B., Anisimov, A. N., Platow, W. & Baberschke, K. Higher-order
magnetic anisotropies and the nature of the spin-reorientation transition in
face-centered-tetragonal Ni(001)/Cu(001). Phys. Rev. B 55, 3708-3715 (1997).

75. Kittel, C. On the gyromagnetic ratio and spectroscopic splitting factor of ferromagnetic
substances. Phys. Rev. 76, 743-748 (1949).

76. Van Vleck, J. H. Concerning the theory of ferromagnetic resonance absorption. Phys. Rev.
78, 266-274 (1950).

77.  Scott, G. G. Review of gyromagnetic ratio experiments. Rev. Mod. Phys. 34,102-109
(1962).

Acknowledgements We thank I. Wimmer for magnetic hysteresis data, B.-H. Chen for help
with the optics, S. Geprags for access to his X-ray diffractometer and F. Krausz for laboratory
infrastructure. This research was supported by the European Union’s Horizon 2020 research
and innovation program via CoG 647771 and by the German Research Foundation (DFG) via
SFB1432.

Author contributions P.B. and U.N. conceived the experiment. ST., MV. and D.E. performed the
diffraction experiments and analyzed the data. A.B. and S.T. produced the specimen under
supervision of W.K. A.B. and W.K. characterized the epitaxial growth. D.K. performed the
ultrafast optical measurements and thermal simulations. U.N. conceived the theory and M.E.,
H.L. and A.D. performed the simulations. P.B., U.N. and S.T. wrote the manuscript with help of
all co-authors.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-021-04306-4.

Correspondence and requests for materials should be addressed to P. Baum.

Peer review information Nature thanks Georg Woltersdorf and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://lammps.sandia.gov/doc/Intro.html
https://doi.org/10.1038/s41586-021-04306-4
http://www.nature.com/reprints

Article

a b q.[A]
29 3.0 31 32 33 34 35 36 37 38 39 40
lOI - l 0 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I I_ I 1 I 1 I 1
7] — 1 1o s <
10° = -~ 07 i ] : & &
E < 50— % 4= 08— Ni(002) S 3
L © 18 = B . ) )
107 3 S471E}| = - Ql s 08— 5 ] Cu(002) - s
3 A 302 o z Z i< 4 2 06—_ Il Il
2 _| 5 14 £ S 5
102 7 20— 1 E : 4 1
= — > - H
E Z 1F 047 — 449
2107 - . Z06- 5 1 WHM =44
; E TTTTTTT T T T T T T T T T T T T T rrTT =] N =1 —
2 E I I ' s 4E 023 FWHM = 5.6°
210+ 100 200 300 5 B .
& E depth [A] z 4 0P
2107 = 50.4— 6
E = i
10° E thickness [A] density [g/cm’] roughness [A] 7]
107 0.2 S
NI 222430 9324026 64+13 7 Z
10 — fit .
E —F—  data 4 a=15419A
— I v A AN A Y n
10 ’ T I T I T I T 00 T I T I T I T I T I T I T I T I T I T I I T I T I T
0 005 01 015 02 025 03 035 04 045 05 055 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
q.[A] 20 [deg]
A"
N Q[
30 30 31 31 32 d ¢
10 IIIIIIIIIIIIIIIIEIIIIIIIIII 104_ - 10
4 H — ° 3 D H .
;Ax 54.5 E o —  Cu(lll) ] .
7 dyi=2.0373) A ] < —— Ni(111) b Cu(111) Ni(111)
b i —  Si(111) g
0.8 0.8 —
de,=2.084(4) A 10° i
z ] T z ]
g 06 2 g 0.6
£ 7 5 ] J £ 7
S, - > 3 N S, .
= - N
E . z o8 .
5 04— R 5 0.4
= = 2
= ] = I g = 7 Ay =79.007
7 = = T10' = Tripinriaieins |l ¥
b = = 3 7 Ay =54.74
0.2 — o z 0.2 —
. . Ay =15.80° T
. ]00 . +
0~0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0~0 IIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII
42 43 44 45 46 0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
20 [deg] ¢ [deg] ¢ [deg] ¢ [deg]

Extended DataFig.1|X-ray characterization of the nickel thin-film
structure. a, X-ray reflectivity data and fit of the sample using a four-layer
modelwiththescatteringlength density profile shownintheinset. The dashed
linesintheinsetindicate the slabmodel of the corresponding layers. The best
fit parameters obtained by fitting the XRR intensities are shownin the table.
Theerrorsare estimated by a5%increase over the optimum logarithmic figure
of merit.b, Out-of-plane XRD scanin the angular regime 0f40° <260 <60°.The
observedintensitiesat 20=50.53°and 26 = 52.13° correspond to Cu(002) and
Ni(002). The lack of any Cu(111) and Ni(111) intensities shows the epitaxial
growth. Theinsetgraph shows the rocking-scans over the Cu(002) and Ni(002)
peak positions. ¢, In-plane XRD scan at an inclination angle Ay = 54.51°. The

intensities at20~=43.41°and 26=44.47° correspond to the Cu(111) and Ni(111)
reflections, respectively.d, ¢ scans for the Ni(111), Cu(111) and Si(111) ip peaks,
obtainedataninclination angle of Ay =54.74°. A clear fourfold symmetry of the
Cu(111) and Ni(111) ip reflections is observed with an offset angle of 45° to the
Si(111) substrate reflections. For reasons of clarity, the scans are shifted in
intensity by afactor of two each. e, ¢ scans for the Cu(111) and Ni(111)
reflections, obtained atinclination angles of Ay =15.80°, Ay = 54.74° and
Ax=79.00°.For clarity, the scans are shifted in intensity by 0.1each. Cu(111)
intensities are showninthe angular regime of 0° < ¢ <180°, while the Ni(111)
intensities are shown for 180° < ¢p <360°.
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theanisotropy of the mean-squared velocities 2uf,/(ui +v2) (green, dottedlines).
¢, Temperature dependence; anisotropy of crystallographically equivalent
peaks for the same angular momentum L, (same demagnetization) but
different energy transfers to thelattice, leading to atemperature increase of
AT=15Kand 60K, respectively.
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