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The emerging field of orbitronics exploits the electron orbital momentum L.

Compared to spin-polarized electrons, L may allow the transfer of magnetic
information with considerably higher density over longer distancesin
more materials. However, direct experimental observation of L currents,
their extended propagation lengths and their conversion into charge
currents has remained challenging. Here, we optically trigger ultrafast
angular-momentum transport in Ni|W|SiO, thin-film stacks. The resulting

terahertz charge-current bursts exhibit a marked delay and width that grow
linearly with the W thickness. We consistently ascribe these observations to
aballistic L current from Ni through W with a giant decay length (-80 nm)
and low velocity (-0.1 nm fs™). At the W/SiO, interface, the L flow is efficiently

converted into a charge current by the inverse orbital Rashba-Edelstein
effect, consistent with ab initio calculations. Our findings establish
orbitronic materials with long-distance ballistic L transport as possible
candidates for future ultrafast devices and an approach to discriminate
Hall-like and Rashba-Edelstein-like conversion processes.

Electrons carry two distinct angular momenta: the spinangular momen-
tumSand orbital angular momentum L. While Sis successfully exploited
in spintronics’ to transport information by S currents and to convert
them into detectable charge (C) currents by spin-to-charge-current
conversion (SCC)?, L has only recently gained attention in orbitronics
research. To make this fascinating concept compatible and competitive
with conventional electronics®*, the speed of orbitronic functionalities
needs to reach terahertz (THz) rates’.

A first key advantage of L over S is that L can assume arbitrar-
ily high values per electron and, thus, enable efficient magnetic-
order manipulation“®” by L-induced torques® ™. Second, L-to-
charge-current conversion (LCC) works in materials without spin-
orbitinteraction, including abundant light metals®. Finally, L currents

are predicted to propagate over increased lengths of nearly 100 nm
(ref.14).

Recent studies provided strong indications of charge-to-L current
conversion by the orbital Hall effect (OHE) in a thin layer of a paramag-
netic material (PM). Theresulting L current was typically interrogated
through the torque it exerted on the magnetization of an adjacent
thin-film ferromagnetic material (FM)**'2*2* The FM was chosen to
be susceptible to either an S accumulation, for example, permalloy
Nig Fe,, (Py), oran L accumulation, for example, Ni.

Unfortunately, it remains experimentally challenging to meas-
ure L currents by LCC. First, it is difficult to distinguish LCC by the
inverse OHE (IOHE) from LCC by an inverse orbital Rashba-Edelstein
effect (IOREE) because both phenomena obey identical macroscopic
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Fig.1|Launching and detecting terahertz S and L currents. Upon ultrafast
laser excitation of the FM, an excess of FM magnetization M arises, leading to
Saccumulation yg, L accumulation g, and the injection of spin and orbital
currentsjsandj,, respectively, into the PM. Various bulk and interfacial LCC
and SCC processes generate an ultrafast in-plane charge currentj.that emits a
terahertz electromagnetic pulse with electric-field amplitude E(¢) versus time ¢
directly behind the sample.

symmetries. Second and for the same reason, IOHE and IOREE are dif-
ficult to separate from their S counterparts, that is, the inverse spin
Hall effect (ISHE) and inverse spin Rashba-Edelstein effect (ISREE)>.
Previous work, however, indicates different spatial propagation and
relaxation dynamics of Sand L currents®'*. Therefore, an experimental
approachsuch as terahertz emission spectroscopy’*?, which monitors
currents with femtosecond resolution, is perfectly suited toaccess the
possibly different ultrafast L-versus-S propagation and conversion
dynamics.

Here, we study ultrafast signatures of S and L transport from an
FMinto a PM that is launched by exciting FM|PM stacks with a femto-
second laser pulse (Fig.1). The LCC and SCCin the PM are measured by
monitoring the emitted terahertz pulse. Upon changing the FM from
Ni to Py and interfacing it with the PMs Pt, Ti and W, we find the same
characteristic sign changesin the emitted terahertzfield asin previous
magneto-transportstudies’. Consequently, we interpret our observa-
tions as hallmarks of ultrafast LCC and SCC.

Remarkably, the terahertz field from Ni|W is temporally strongly
delayed and broadened relative to that from Ni|Pt. The bandwidth and
amplitude of the underlying burst of charge current decreases with W
thickness, whereasits delay and width increase linearly. We assign this
observationtolong-distanceballistic L transportin W, which has arelaxa-
tion length that is more than one order of magnitude larger than that
of S transport. Specifically, our data and calculations suggest a domi-
nant contribution to LCC through the IOREE at the W/SiO, interface.
This effectisabsentin Ni|Tiand attributed toadominant bulk LCCby the
IOHE. Our results may help establish an ultrafast experimental and theo-
retical methodology to extract the propagation dynamics of L currents.

Conceptual background

Our approachfollows theideathat/ and S currents have the same sym-
metry properties yet potentially different dynamics on ultrashort time
and length scales"**"*. As depicted inFig.1,afemtosecond optical pump
pulse excitesan FM|PM stack and triggers ultrafast Sand L currents with
densityj;andj,, respectively, along the zaxis from FM to PM. SCC and
LCC resultin ultrafast in-plane charge currents acting as sources of a
terahertz electromagnetic pulse®®. The resulting terahertz electric-field
amplitude £(¢) directly behind the sampleis proportional to the sheet
charge current/(¢), thatis,

dpm
E(t) ol () = / dz2[0,c @), 2.0 + Osc s @D]. M)

—drm

Here, d;\ and d;,, denote the FM and PM thickness, respectively, and
0,-(2) and 6,-(z) describe the local efficiency of the instantaneous
LCC and SCC, respectively. They include microscopic mechanisms
like the ISHE or IOHE**, occurring in the bulk, or the ISREE and
IOREE, which require regions of broken inversion symmetry such as
interfaces*®*'. Equation (1) neglects contributions due to magnetic-
dipoleradiation and contributions of photocurrents evenin magneti-
zation, because both can be discriminated experimentally*>*,

To understand the emergence of j; and j,, we first note that
sudden laser heating of the FM induces an S accumulation . Here, p
is proportional to the excess S magnetization, that is, the difference
between the instantaneous S magnetization and the equilibrium S
magnetization that would be attained at the instantaneous elevated
electron temperature®~*°, Consequently, the FM releases S at a rate
proportional to ug, by transferring S to both the crystal lattice through,
for example, spin flips, and to the PM by, for example, a spin-current
density/, < us. Analogous to S, we expect that laser heating alsoinduces
anLaccumulationy, and, inturn, L transport withj, < u,.

Recent studies on single-element FMs like Ni showed that the
S-type and L-type magnetizations exhibit very similar ultrafast dynam-
ics following laser excitation® >, Therefore, we expect , (t) o< u4(t),
where theratio u,/u;is FM-dependent’. Despite these identical driving
dynamics, the resultingyj, (z, t) andj(z, t) (Fig.1) can have very different
evolutions because S and L may propagate differently through the
FM/PMinterface and the PM bulk.

Experiment details

We study FM|PM thin-film stacks, where the two FMs Py and Niare cho-
senfor their high efficiency in generating Sand L currents, respectively’.
The chosen PMs have a strong ISHE (Pt, W) and IOHE (W, Ti) response.
Thereported ISHE signs are opposite for Pt versus W, with a vanishing
ISHE in Ti. By contrast, the expected IOHE signs are the same for all three
PMs*°. The studied FM|PM thin-film stacks are deposited onto glass
(thickness, 500 pm) or thermally oxidized Si substrates (thickness,
625 um; Supplementary Fig. 1and Methods). They are characterized
by optical and terahertz transmission spectroscopy*, yielding
the pump absorptance, d.c. conductivity and Drude relaxation rate
(Supplementary Fig. 2).

In our experiment (Fig. 1), ultrashort laser pulses (10 fs nominal
duration, 800 nm centre wavelength, 80 MHz repetition rate,
1.9 n) pulse energy, 0.2 mJ cm2incident fluence) excite the sample. We
record the emitted terahertz radiation by electro-optic samplingina
ZnTe(110) (thickness 1 mm or 10 um) or GaP(110) (250 pm) crystal®.
The resulting terahertz emission signal S;,,,(M, ¢) versus time ¢ and
sample magnetization M equals the terahertz electric-field waveform
E (Fig.1) convoluted with a set-up response function®. The presented
data are smoothed by convolution with a Gaussian (80 fs full-width
at half-maximum) for better visibility, unless noted otherwise.

All experiments are performed under ambient conditions unless
stated otherwise. We apply anin-plane magnetic field of -10 mT to the
sample and monitor the terahertz field component perpendicular to
M. The component parallel to Mis found to be minor (Supplementary
Fig. 3). Measurements with linearly and circularly polarized pump
pulses reveal a negligible impact of the pump polarization on the
terahertzemission (Supplementary Fig. 4). We checked explicitly that
Stz(M, t) from the Ni-based samples increases almost linearly with
pump fluence (Supplementary Fig. 5).

To isolate magnetic effects, we focus on the odd-in-M signal
St1(6) = [S11,(+M, £) = S111,(—M, £)1/2. The even-in-M signal compo-
nents are more than two orders of magnitude smaller. Measurements
on reversed samples reveal that S;,,, predominantly arises from
structural inversion asymmetry, consistent with Fig. 1. Minor contri-
butions unrelated to structuralinversion asymmetry most likely arise
from magnetic-dipole radiation due to ultrafast demagnetization
(Supplementary Fig. 6)*.
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Fig.2|Terahertzraw data. a,b, Terahertz emission signals Sy,,,(¢) from FM|PM
stacks with FM =Py (a) and FM = Ni (b) capped with PM = Pt, W or Ti. In both
panels, the Pt-based sample signals are multiplied by 33%. Film thicknesses
innanometres are given as numerals in parentheses. As a terahertz detector,
aZnTe(110) crystal (thickness 1 mm) was used.

Results

Ferromagnetic Py versus Ni

Figure 2a shows terahertz emission signals S;,,, from Py|PM samples,
where PM is Pt, W or Ti. All three waveforms have an identical shape.
Minor shape differences of SI1' versus S"/I" are attributed to contri-
butions unrelated to structural inversion asymmetry as described
above and in Supplementary Fig. 7.

The relative signal magnitudes and the opposite polarities for
PM =Ptand W are consistent with previous reports of ISHE-dominated
terahertzemission”, The polarity of the Py|Ti signal is the same as that
of Py|Pt and consistent with calculations and measurements, which
found the same sign of the ISHE and IOHE in Pt and Ti, respectively*°,
Even though Ti has a sizeable LCC efficiency, our data imply
sz' szpt. We ascribe this observation to a small L-current ampli-
tude injected into Ti, consistent with the small L component of the

Py magnetization’.

Tosummarize, for Py|PM, our terahertz signals are consistent with
thetransportof predominantly Sand L into the PM bulk and its conver-
sionintoacharge current through the ISHE and IOHE, respectively. At
the FM/PM interface, a possible Rashba-type or skew-scattering-type
LCC or SCC** may make an additional yet relatively small contribution.
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Fig.3|Impact of W thickness in Ni|W. Terahertz emission signals for Ni|W
samples with varying W thickness, normalized to the absorbed pump-pulse
fractioninthe Nilayer and to the sample impedance (see Methods and
Supplementary Table 1). Note the rescaling of the reference signal from Ni|Pt.
Film thicknesses in nanometres are given as numerals in parentheses, except for
Ni, which was always 5 nm thick. A GaP(110) crystal (thickness 250 pm) was used
asaterahertz detector.

When the FM of Py is replaced by Ni, the signal polarity remains
identical for PM =Pt and Ti, and the two waveforms for the different
FMs exhibit identical dynamics (Fig. 2b and Supplementary Fig. 8).
By stark contrast, the signal polarity for Ni|W reverses with respect
to Py|W, the waveform changes shape, and its maximum appears
delayed compared to Py|W. This striking observation indicates
that Py|W and Ni|W show different photocurrent mechanisms, the
dominance of which depends sensitively on the FM. To understand
the different dynamics in Ni|W, we next vary the W thickness.

Impact of W thickness on current dynamics in Ni|W

Figure 3 shows terahertz emission signals from Ni|W(dy,) for various
W thicknesses d\, and from a Ni|Pt reference sample. Consistent with
Fig.2b, we see a clear trend with increasing d,, relative to Ni|Pt: S;,,(¢)
has the same sign, decreases with increasing d,, and reshapes
considerably from being asymmetric (Ni|Pt) to being more symmetric
(Ni|W) around the signal maximum. Interestingly, d,, =2 nm already
induces a shift of the signal maximum by about 100 fs compared
to Ni|Pt.

Notably, the changesinterahertz signal dynamics solely originate
from changing the PM thickness. Therefore, the FMis considered as a
PM-independent S and L injector in the following.

To obtain a sample-intrinsic measurement of the L transport and
conversiondynamics, we extract the sheet charge current/(t) flowing
inNi|W (equation (1)) normalized to the absorbed pump-pulse fluence
in Ni. This procedure eliminates any impact of sample exchange on
the pump-pulse-absorption efficiency, sample impedance or set-up
response function (Methods).

Figure 4a displays/.(¢) in Ni|W with aresolution of 50 fs for various
Wthicknesses d,,. The /() traces have striking features: (1) They exhibit
the same polarity as Ni|Pt. (2) The/.amplitude decreases approximately
linearly with d,, to about 50% after 20 nm (Fig. 4c), indicating attenu-
ation and dispersion upon propagation. (3) The /. maximum shifts by
delays At,,,, =< dy, relative to d,, =2 nm at a rate of At,,,/dy =4 fsnm™
(Fig. 4b), implying a velocity of 0.25 nm fs™. (4) The I width increases
linearly at arate of =8 fs nm™ (Fig. 4d). (5) The time-integrated current
[dti(t) only weakly decreases with d,,, thereby indicating an extremely
large relaxation length of >20 nm (Fig. 4e)%*,
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Fig. 4| Ultrafast charge currents in Ni|W. a, Charge sheet currents /() in Ni|lW
for various W thicknesses d,, as extracted from the data of Fig. 3. The feature

at 0.8 psisaremainder of aterahertz field reflection echoin the 10 pm ZnTe
electro-optic detection crystal (Methods). Film thicknesses in nanometres are
given as numerals in parentheses, except for Ni, which was always 5 nm thick.
Note the rescaling of the Pt-based sample signal. The apparent signal maxima
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I(t) values are highlighted by circular markers. b, Extracted time delay At,,,,
relative to Ni(5 nm)|W(2 nm) with astraight line as a guide to the eye. c, Relative
(normalized, norm.) amplitude of /(t,,,,)- d, Full-width of /.(¢) at half-maximum.
e, Time-integrated /(¢) over 0.0-0.7 ps versus d,, from the datain a. Details of the
error estimates are given in Methods.

Feature (1) implies that /.(t) cannot arise from S transport.
The reason is that the ISHE dominates the SCC in Pt and W, yet with
opposite sign®**, This conclusion is strongly supported by feature
(2) because an S current in W would relax over distances of <20 nm
(refs.41,46). Our data, therefore, strongly indicate that L transport plus
LCC dominates the terahertz charge currentin Ni|W.

Features (3) and (4) indicate a signal arising from ballistic-
like transport of a pulse that is detected in an arrival layer. In this
picture, the increasing width of /.(¢) with d, arises from a velocity
dispersion along the z direction of the particles inside the pulse
(Fig. 5a). Feature (5) implies a minor LCC in the W bulk because
the integrated charge current [d¢ /(¢) would increase monotonically
with d,, otherwise.

Model of L current and IOREE in Ni|W
The preceding discussion suggests the following transport scenario
in Ni|W. Excitation of the Ni layer induces a transient S and L accumu-
lation (Fig. 1) with very similar dynamics as described previously> .
The resulting L accumulation g, (¢) « u4(¢) is monitored well by the
ISHE charge current in Ni|Pt (Fig. 4a). Itinjects L-polarized electron
wave packets into W, that is, coherent superpositions of Bloch states
with non-zero net L (ref. 1; Fig. 5a). Finally, regions close to the W/SiO,
interface dominate the LCC. This interpretationis strongly supported
by our abinitio calculations (Methods and Supplementary Figs. 9-11).
The calculated L velocity (-0.1 nm fs™’; Supplementary Fig. 10) agrees
well with our measurements (Fig. 4b). The calculated LCC (Supple-
mentary Fig. 11) reveals a giant interfacial contribution (IOREE) in a
thin W film with the same sign as the ISHE in Pt (Fig. 4a). An efficient
interfacial LCC was already invoked previously”**"!,

The suggested scenario explains all experimental charge-current
features (1)-(5) (Fig. 4). As the, pulse propagates predominantly
ballistically through W, its arrival in the W/SiO, LCC region is delayed
by atime At,,,, = dy. Likewise, j, disperses due to different electron-
velocity z-axis projections (Fig. 5a) and relaxes over alength of >20 nm.

Tomodel the charge-current dynamicsin Ni|W (Fig. 4), we assume
Jiissolely drivenby g, and, thus, given by the linear-response relation-
ship (convolution)

Jo @0 = (1 i) (©) = / drr, (- D, (0. @)

Here, r,is the L current density at position z following a fictitious
6(t)-like L accumulation in Ni, and p, (1) = u(7) is given by the meas-
ured Ni|Pt charge current (Fig. 4a). Assuming an instantaneous
IOREE response at z=d,, I(t) is proportional toj,(dy, t).

In the Methods, we analytically calculate the response func-
tion r, for the cases of ballistic transport (equations (9) and (10) and
Fig.5b) and diffusive transport (equation (12)). For ballistic transport,
the modelled /() curves (Fig. 5¢c) reproduce the measured Ni|W charge
currents (Fig. 4a) semiquantitatively for a relaxation length of 80 nm
and adominant L wave-packet velocity of v, = 0.14 nm fs™. These values
agree well with the estimates given previously (Fig. 4b—e) and with
the calculated orbital velocity (Supplementary Fig. 10). We did not
attempt to obtain evenbetter agreement of the modelled and measured
1(t) by considering different distributions of the L velocity directions
(Fig. 5aand equation (9)).

By contrast, for diffusive transport, our model reproduces the
experimental data less favourably (Supplementary Fig.12). Therefore,
the observed L currents (Fig. 4) have a significant ballisticcomponent.

Tosummarize, the terahertz charge currentsin Ni|W (Fig. 4) arise
fromL currentsinjected into W. The charge-current generation (equa-
tion (1)) is dominated by LCC at the W/SiO, interface. The extremely
long-rangej, in W is a unique feature of orbitronic materials, first
indications of which were found previously in Ti (refs. 8,9).

Discussion

Our interpretation neglects other possible contributions to /-(¢).
First, the pump polarization independence rules out the inverse
Faraday effect asasource of S (ref. 52) and L currents (Supplementary
Fig.4).

Second, for j,;, a dominant Seebeck-type contribution from an
electronic temperature difference ATypy across the Ni/PMinterface
isnegligible®. For,, we estimate ATy, after pump-pulse absorption
(Methods) and find ATy;p.=+400 Kand ATy;py = 100 Kfor PM = Tior
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positions z, < z, < z;in W. ¢, Simulated IOREE charge currents /(¢) obtained by
equation (2) in the case of ballistic transport. Parameters are the L wave-packet
velocity (lv,| = 0.14 fsnm™; a), thej, decay length (80 nm) and a global scaling
factor. d, Extracted time delay A¢,,, relative to Ni(5 nm)|W(2 nm). e, Relative
amplitude of I(¢,,,,). f, Full-width of I(¢) at half-maximum. g, Time-integrated
I(t) over 0.0-0.7 ps versus d\, from the datainc.

W.The observed terahertz emission signals, by contrast, have the same
sign for all three samples (Fig. 2b). Therefore, interfacial electronic
temperature differences have a minor impact on L and S transport.
Simulations further show that pump-intensity gradientsinthe FM and
PMbulk are relatively small (Supplementary Fig.13).

Third, angular-momentum transportin W by magnonsis neglected
because W is magnetically disordered. Acoustic phonons are excluded
because the sound velocity in W is <0.01 nm fs™ (ref. 53) and, thus,
considerably below the observed transport velocity. An outstandingly
long-range S propagation is ruled out because the Drude scattering
times of all samples are <50 fs (Supplementary Fig. 2) and, thus, sub-
stantially shorter than the /(¢t) peak delays (Fig. 4b).

Fourth, even though the IOREE dominates the charge-current
generation in Ni|W, the positive shoulder-like feature at around time
zero for dy, <3 nmin Fig. 4a may indicate a small contribution of bulk
LCC, that is, the IOHE, consistent with the IOHE sign in W. An L-to-S
conversion plus ISHE in the PM* might contribute but is considered
negligible here giventhe good agreement of the measurements (Fig. 4)
and model (Fig. 5). The dominance of j, in Ni|W highlights the role
of Ni as an L-current source and indicates that the Ni/W interface
may transmitj, more efficiently thanj.

Interestingly, a detailed comparison of Fig. 2a,b reveals pro-
nounced amplitude changes for PM =W or Pt when changing the
FM from Py to Ni. These differences are related to the intricate inter-
play of all parameters in equation (1), in addition to relative changes
of usand y, and of interface transmission coefficients for jcand ;.

We emphasize that samples deposited on Si rather than glass
substrates show very similar terahertz emission characteristics
(Supplementary Fig.1), demonstrating the robustness of the observed
effects. When adding a Cu layer on top of the Ni|W sample, we find
similar terahertz emission signals (Supplementary Fig. 14). Interest-
ingly, a Cu interlayer in Ni|Cu|W only slightly modifies the terahertz
signal, suggesting that Cu does not block L transport strongly.

Regarding earlier reports of different terahertz emission dyna-
mics in Fe|Au and Fe|Ru samples?, we note that a possible IOREE
in Ru seems possible in hindsight. This interpretation might
explain the seemingly strong dependence of the Fe|Ru terahertz
emission dynamics on growth details*****,

Conclusions
We observe terahertz emission signals from optically excited Ni|W
stacks that are consistently assigned to the ultrafast injection of L
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currents into W and long-distance ballistic transport through W.
Remarkably, we find strong indications for a dominant IOREE in
both experiment and theory. This result can be considered as time-
domainsignature of the long-range nature of orbital currents and the
IOREE in W.

Our study highlights the power of broadband terahertz emission
spectroscopy in disentangling S and L transport as well as Hall-like
and Rashba-Edelstein-like conversion processes based on their
dynamics. We find that Py versus Ni are, respectively, attractive S and
L sources, whereas Pt versus W are, respectively, good S-to-charge
and L-to-charge converters with distinctly different efficiency and
dynamics for S versus L. We believe that our results are a significant
step toward the identification ofideal sources and detectors of either
Sor L currents, which will strongly benefit from accurate theoretical
predictions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41565-023-01470-8.
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Methods

Current extraction

To extract the in-plane sheet current /. flowing inside the sample
from the measured terahertz signal S;,,,, we first measure our set-up
response function H: by having a reference electro-optic emitter
(50 pm GaP on a 500 pm glass substrate) at the same position as the
sample, which yields a reference terahertz signal s’ . By calculating
the emitted terahertz electric field £ from that reference emitter,
H is determined by solving the convolution SrTerZ (&) = (Hse * E) ()
(equation (2)) for Hy (ref. 43). Further measured inputs for this
calculation are the excitation spot size with a full-width at half-
maximum of 22 um, the excitation pulse energy of 1.9 njJ and a
Fourier-transform-limited pump pulse with a spectrum centred at
800 nm and a full-width at half-maximum of 110 nm. We perform
the deconvolution directly in the time domain by recasting it as a
matrix equation'.

Next, the electric field E directly behind the sample is obtained
from the recorded terahertz signal Sy, with the help of the derived
function Hs: by solving the analogous equation Sy,,,(¢) = (Hg:* E)(¢)
for E. Finally, the sheet charge current (Supplementary Table 1) as
shown in Fig. 3 is derived from a generalized Ohm’s law”®, which in
the frequency domain at frequency w/2m reads

E(w) = eZ(w) I (w). (3)

Here, —eis theelectron charge and the sample impedance Z(w) isgiven
by Z,/[1+ ngy,, + Z,do(w)] with the free-space impedance Z,, the sub-
strate refractive index ng,, = 2 (ref. 56) and the metal-stack thickness
d = dy *+ dpy. The measured mean sample conductivity o (Supplemen-
tary Table1) isapproximately frequency-independent due to the large
Drudescatteringrate (Supplementary Fig.2). To enable acomparison
of terahertz currents from different samples, we normalize /. by the
absorbed fluenceinthe FM. The data shownin Fig. 3 were obtained in
adry-airatmosphere.

Sample preparation

The FM|PM samples (FM = Ni and Py, PM = Pt, Ti, Cu and W) are fabri-
cated on glass substrates (thickness 500 pum) or thermally oxidized
Si substrates (625 pm) by radio-frequency magnetron sputtering
under an Ar atmosphere of 6N purity. The sample structure and thick-
ness are described in Supplementary Table 1. For the sputtering,
the base pressure in the chamber is lower than 5x 107 Pa. To
avoid oxidation, SiO, (thickness 4 nm) is sputtered on the surface of
thefilms. All sputtering processes are performed at room temperature.
The W films are predominantly in the 3-phase for d\, <10 nm, with an
«-phase content that grows with d,, and dominates for d,, >10 nm
(ref.9).

Estimate of electronic temperatures
We calculate the electronic temperatureincrease AT,, upon pump-pulse

absorption by
2F,
ATeO=1/Tf)+y—d’—TO. (4)

Here, T,=300K is the ambient temperature, F, is the absorbed
fluence in the respective layer [=FM or PM (Supplementary Table 1),
dis the layer thickness and yT. is the specific electronic heat capacity
at electronic temperature T, with y =300 m2 K2 for W, 320 ) m3K?
forNi, 330 m>K2for Tiand 90 ) m> K for Pt (ref. 57).

To obtain the absorbed fluences in each layer, we note that
the pump electric field is almost constant throughout the sample
(Supplementary Fig. 9). Therefore, the local pump absorption scales
solely with the imaginary part Ime of the dielectric function ¢ at
awavelength of 800 nm, which equals 22.07 for Ni, 9.31 for Pt, 19.41

for Tiand 19.71 for W (ref. 58). Consequently, the absorbed fluence
isdetermined by

d,lms,

F =F,
! ot dFMlmSFM + dpMImSPM

)

withthetotal absorbed fluence F, that is obtained from the absorbed
pump power (Supplementary Table 1) and the beam size on the sample
(as described previously).

Experimental error estimation

The error bars for the maximum position ¢, of the transient charge
current/(t) (Fig.4b) are estimated as +20% of the read-off delay value
(circular markers in Fig. 4a), but no less than 5 fs. The uncertainty in
the relative amplitude of /(¢,,,.) (Fig. 4c) and the relative area of /()
(Fig. 4e) is, respectively, estimated as +20% and +10%, both reflecting
thetypical signal-to-noise ratio of the extracted current traces (Fig. 4a).
The error bars for the full-width of I(¢) at half-maximum (Fig. 4d) are
obtained from the uncertainty of the delay (Fig. 4b) with subsequent
multiplication by v/2, which accounts for the error propagation of a
difference of two quantities.

Model of L transport

Tomodel the ballistic currentin the PM, we assume that a §(¢)-like tran-
sient L accumulation in the FM generates an electronic wave packet,
which has orbital angular momentum AL, along the direction of the
FM magnetization M and mean wave vector k in the PM right behind
the FM/PM interface, thatis, atz= 0" (Fig. 5a).

In the case of purely ballistic transport, this wave packet propa-
gates into the PM bulk according to AL,(z, t) = ALy, 8(z — vy,.t), where
U.isthezcomponent of the wave-packet group velocity. Note that we
restrict ourselves to k values with non-negative v, values. The total
pump-induced L current density flowing into the depth of the PM is
forz>0givenby the sum

0= 3 Al E-vgl). (6)

Kk,uy, >0

Assuming that AL, arises from states not too far from the
Fermienergy, the summation of equation (6) is approximately propor-
tional to an integration over the Fermi surface parts with v,,> 0.
One obtains

r()=e" / dv,w(,)v,8(z — v,t) @)
0
wherez>0, and
ww) = Y A8 —v;) (€)]
K,0y,>0

is the L weight of the z-axis group velocity v,. In equation (7), we phe-
nomenologically account for the relaxation of the ballistic current
with time constant 7 by introducing the factor e ”". Performing the
integration of equation (7) yields

0= 2u(?)

To determine a plausible shape of w(v), we note that AL, is
non-zero within several 0.1 eV around the Fermi energy E; owing to
the width of the photoexcited and rapidly relaxing electron distri-
bution®. Assuming a spherical Fermi surface and isotropic AL,,, we
have AL, < 8(E, — E¢) and vy, = vcosO, where E, is the band structure,
Ue is the Fermi velocity and 6 is the angle between k and the z axis.
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Therefore, after turning equation (8) into an integral, the integrand
ALyoS (vpcosd —v,) d°k becomes proportional to §(vgcosd —v,)
dcosf in spherical coordinates, leading to

1
w(v,) f dcos88 (vpcosh — v,) «x © (U — 1), (10)
0

where O is the Heaviside step function. In other words, all velocities
v, = vpcos from O to vp have equal weight.

In the case of purely diffusive transport, we use the L diffusion
equation for g, (ref. 23). With a localized accumulation y,(z, t) = 6(2)
attimet = 0,theaccumulationdisperses accordingto the well-known
solution

1 (2,0 Lexp (— z ) (11)

Ve \ 4Dt

forz>0andt>0.Here, Dis the diffusion coefficient that equals v?1/3
inthe case of a spherical k-space surface carrying the L wave packets,
v, is their mean group velocity, and 7 is their velocity relaxation time.
To determine the current density, we apply Fick’s law? j, =-Dou,/0z
to equation (11) and obtain

r, () « e(t)%Lexp(—i) (12)

VDt

Abinitio estimate of the L velocity

The orbital velocity is estimated for the bulk Winabody-centred cubic
structure. The ab initio self-consistent calculation of the electronic
statesis performed within density functional theory by using the FLEUR
code?, which implements the full-potential linearly augmented
plane-wave (FLAPW) method®. The exchange-correlation effect is
included in the scheme of the generalized gradient approximation by
using the Perdew-Burke-Ernzerhof functional®®. The lattice parameter
ofthe cubicunitcellissetto 5.96a,, where a,is the Bohr radius. For the
muffin-tin potential, we set Ry =2.5a, for the radius and [,,,,, =12 for
the maximum of the harmonic expansion. Further, we set the plane-
wave cut-offs for the interstitial region to 4.0a;', 10.1a;' and 12.2a;!
for the basis set, the exchange-correlation functional and the charge
density, respectively. For the k-points, a16 x 16 x 16 Monkhorst-Pack
mesh is defined.

Fromthe converged electronic structure, we obtain the maximally
localized Wannier functions by using the WANNIER90 code®. We
use 18 Wannier states with s, p, py, p,.d»,do_y, dyy, dy,, d,, Symmetries
for spin up and down as the initial guess. The maximum of the inner
(frozen) energy window is set 5 eV above the Fermi energy for the
disentanglement, and the outer energy window is defined by the
minimum and maximum energies of the 36 valence states obtained
from the FLAPW calculation. The Hamiltonian and the position,
orbital-angular-momentum and spin-angular-momentum operators
are transformed from the FLAPW basis into the maximally localized
Wannier function basis. The resulting electronic band structure and
texture of the orbital-angular-momentum operator L are displayed
inSupplementary Fig. 9.

From this realistic tight-binding model, the orbital-momentum-
weighted velocity averaged over the Fermi surface (FS) is calculated by

TSk Vel g + Lpvg)/2Ink)
an nk

13)

<UaLﬂ>FS =

where v, and Lgare the a component of the velocity and the S compo-
nent of the orbital-angular-momentum operators, respectively.
The |nk)is the eigenstate of the Hamiltonian with energy £, and band

indexn,and f, isthe energy derivative of the Fermi-Dirac distribution
function. To polarize L; we add asmall orbital Zeeman coupling along
the B direction to the bare Hamiltonian. We confirm that the result
of equation (13) changes by less than 1% when the orbital Zeeman
splitting is increased from 10 meV to 30 meV. The k-space integrals
in equation (13) are performed on a256 x 256 x 256 mesh.

The orbital velocity is estimated by

(1) = e, 4)

where (LE)FS is obtained by equation (13), but with v, replaced by L;. The
resultis shownin Supplementary Fig.10.

Details of ab initio LCC calculations
Athin Wstack of 19 body-centred cubic (110) atomic layersis calculated
by the self-consistent ab initio method using the same FLAPW param-
eters as for the bulk calculation given previously, except for the mesh
of k-points for which we use a 24 x 24 Monkhorst-Pack mesh. For
Wannierization, we obtain 342 maximally localized Wannier functions,
starting from Wannier states with s,p,,p,.p,.d,dw_p,dy, dy;, dyy
symmetries for spin up and down as the initial guess. We define the
maximum of the inner window at 2 eV above the Fermi energy.

From the Hamiltonian of the W thin film, the k-space orbital-
angular-momentum texture at the Fermi surface is obtained by

(Lioples ) = ~4ka T 3 £ Liop), e (15)

where (L), = (nk|Lip|nk) is the expectation value of the orbital
angular momentum for the two atoms on the top surface, 7=300 Kis
temperature, and kg is the Boltzmann constant.

To calculate the charge current due to LCC, we consider the
orbital-dependent chemical potential

€
%(rﬁLy +Lyrp) (16)

as a perturbation. Here, L, is the y component of the orbital-angular-
momentum operator, and r; is the f component of the position
operator, which is well-defined along the z axis (Fig. 1), and g, can
be interpreted as an orbital-dependent electric field. The charge-
current density along the a direction is given by the Kubo formula

(nk|vgln'k)n'K|Vin'K)
Ep —Epne +i

Ua) = =5 X e =FunRe

knn’

a7)

where Vis the volume of the system and /=25 meV is a phenomeno-
logical broadening parameter. The LCC response is characterized by
the tensor

L e
Orccap =~ v k% (fue —fwi) Re

(nk, |, va, |, 'K) ('K |, (rgly + L) |, 'K)
Ex — Epy +iI" ’
(18)

which relates ¢,) and &4, by () = UEVCCM €g, - The k-space integral is
performed on a 400 x 400 mesh. The z-resolved LCC response is
shownin Supplementary Fig. 11.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.
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corresponding author on request.

Code availability
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measurements X]INo

3. Coherent emission

Measurements of the coherence and/or polarization DX Yes  Figure s3
of the emission |:| No

4. Beam spatial profile

Image and/or measurement of the spatial shape and |:| Yes  not subject of this study
profile of the emission, showing a well-defined beam |X| No
above threshold

5. Operating conditions

Description of the laser and pumping conditions |X| Yes  Section "Experimental details" in the main text

Continuous-wave, pulsed, temperature of operation |:| No

Threshold values provided as density values (e.g. W cm? [ ]Yes  not subject of this study
or J cm2) taking into account the area of the device |X| No

6. Alternative explanations
Reasoning as to why alternative explanations have been |:| Yes  not subject of this study
ruled out as responsible for the emission characteristics X No
e.g. amplified spontaneous, directional scattering;

modification of fluorescence spectrum by the cavity
7. Theoretical analysis

Theoretical analysis that ensures that the experimental |:| Yes  not subject of this study
values measured are realistic and reasonable |X| No
e.g. laser threshold, linewidth, cavity gain-loss, efficiency

8. Statistics =
|:| Yes  not subject of this study 3
Number of devices fabricated and tested |X| No %
o
Statistical analysis of the device performance and [ ]Yes  not subject of this study

lifetime (time to failure) El No




nature research | lasing reporting summary March 2018




	Time-domain observation of ballistic orbital-angular-momentum currents with giant relaxation length in tungsten

	Conceptual background

	Experiment details

	Results

	Ferromagnetic Py versus Ni

	Impact of W thickness on current dynamics in Ni|W

	Model of L current and IOREE in Ni|W


	Discussion

	Conclusions

	Online content

	Fig. 1 Launching and detecting terahertz S and L currents.
	Fig. 2 Terahertz raw data.
	Fig. 3 Impact of W thickness in Ni|W.
	Fig. 4 Ultrafast charge currents in Ni|W.
	Fig. 5 Model of L transport and IOREE in W.




