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Generation and manipulation of light-
induced orbital transport in Co/Zr/Al2O3
heterostructure probed with ultrafast
terahertz emission
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Haoran Xu1,6, Yuhe Yang2,6, Zuanming Jin 1,3 , Ping Wang4, Zheng Feng 5, Ting Wang2, Wensi Yue4,
Cheng Chen4, Feng Chen2, Yiming Zhu 1,3 , Yan Peng 1,3 , Delin Zhang 2,4 , Yong Jiang 2,4 &
Songlin Zhuang1,3

The utilization of terahertz (THz) emission spectroscopy in femtosecond photoexcited spintronic
heterostructures has emerged as a versatile tool for investigating ultrafast spin-transport in a non-
contact and non-invasivemanner. However, the investigation of ultrafast orbital-transport is still in the
primitive stage. Here, we experimentally demonstrate the orbital-to-charge current conversion in Co/
Zr/Al2O3 heterostructures. Our experimental results indicate a photoinduced orbital current (JL) from
Co propagating through Zr layer with a long-distance ballistic transport and a velocity of ~0:27±
0:02 nm fs�1. On the one hand, we demonstrate a critical pump fluence required to overcome the
collisions in orbital transport, enabling a swifter flow of JL. On the other hand, a critical temperature is
observed, below which the orbital transport is impeded. Finally, we observe a nearly 2.95-fold
enhancement in the THz emission due to an additional conversion of the spin-to-orbital current
conversion from a 1 nm thickW-insertion layer between Co and Zr layers. Our results pave the way for
designing promising opto-spin-orbitronic devices and THz emitters.

The spin-to-charge-current conversion (SCC) has been extensively
explored in the field of spintronics, through the spin Hall effect (SHE) and
the spin Rashba-Edelstein effect (SREE)1–5. The inverse spin Hall effect
(ISHE) and inverse spin Rashba-Edelstein effect (ISREE) are used for the
detection of spin transport6–9. The spin source can be one from either spin
pumping10, spin Seebeck current11 or optical excitation12,13, etc. The ISHE
and ISREE have paved the way for potential technological applications,
including spin-orbit torquedevices14–16 and spintronics broadband terahertz
(THz) emitters17–22. The conversionbetween spin and chargeworks better in
heavy metals that have strong spin-orbit coupling (SOC), such as tantalum
(Ta), tungsten (W), platinum (Pt), and so on17,18.

Actually, electrons carry two distinct angular momenta, the spin
angular momentum (S) and orbital angular momentum (L)23,24. Manip-
ulating themagneticmoment produced by the L instead of S can bypass the

requirement for materials possessing robust SOC. The research field of
encoding data through orbitals has been referred to orbitronics, which has
thepotential todevelop advancedelectronicdevices25. TheL-inducedorbital
Hall effect (OHE) can convert the charge current (JC) into orbital current
(JL) in the transverse direction with an applied external electric field26.
Compared with the SHE, the OHE has several technological advantages.
Firstly, the conversion between JL and JC does not requirematerials with the
strong SOC, thereby expanding the material range to include light metals
with weak SOC. Secondly, the theoretical calculations have shown that the
orbital Hall conductivity (OHC) is considerably larger than the spin Hall
conductivity (SHC) in numerous materials, as shown in Table 127–41.
Therefore, the orbital torque can be efficiently induced byOHE42–45. Thirdly,
in many nonmagnetic materials, the orbital diffusion length surpasses the
spindiffusion length.TheOnsager reciprocity allows the inverse orbitalHall
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effect (IOHE) and inverse orbital Rashba-Edelstein effect (IOREE). These
orbit-to-charge current conversion (LCC) effects canbeused toprobe the JL.

Previous work has presented a theoretical model, which describes the
orbital angular momentum of mobile charge carriers interacts with both
spin degrees of freedom and the lattice via the crystal field potential46–48,

∂

∂t
hLi ¼ hFLi þ hηL�SS× Li þ

1
i_
h½L;VCF �i ð1Þ

where the first term FL
� �

is the orbital flux term, the second term
ηL�SS× L
� �

expresses a transfer of angular momentum between spin and
orbital degrees of freedom, ηL�S is the spin-orbit correlation factor. The
third term L;VCF

� �� �
describes the angular momentum transfer between

orbital and crystal lattice via the crystal field potential VCF .
When the ferromagnetic (FM)/non-magnetic (NM)heterostructures are

subjected to ultrafast photoexcitation, the ultrafast demagnetization occurs,
resulting in a coupling between the local magnetic moment and the spin of
nonlocalized conduction electrons via exchange interactions, and then gen-
erating spincurrent (JS) in theFMlayer17–19,49–51.WhenCoFeBorNi81Fe19 (Py)
are chosen as the FM layer, because of small ηL�S, only the dominated JS is
converted into the transient transverse JC after injection into theNMlayer and
radiates a THz pulse, as shown in Fig. 1a. The NM layer is typically chosen to
be a heavy metal with large SOC (such as Pt, Au), JC~θSCC·JS, where θSCC
describes the efficiency of SCC, including bulk ISHE and interfacial ISREE.

The orbital current can be generated by magnetization dynamics, the
process can be referred to as orbital pumping and/or spin fluctuations24,52–54.
Orbital pumping relies on the presence of SOC in the microscopic
mechanism. When we choose FM layer with strong SOC, such as
Ni (ηL�S ¼ þ4:55), Co (ηL�S ¼ þ2:91), CoFe (ηL�S ¼ þ1:92) or
CoPt40,41,48,55–59, the JS in the FM layer can partially transform into the
ultrafast JL due to their relatively large ηL�S. Thus, both JS and JL are injected
into the adjacentNMlayer. ForηL�S < 0 the polarizations of spin andorbital
momentum are antiparallel, while for ηL�S > 0 the polarizations of spin and
orbital momentum are parallel. As shown in Fig. 1b, we only plot the
dominate conversion from JL to JC in light metals (such as Ti or Cu),
JC~θLCC·JL, where θLCC describes the LCC efficiency. LCC includes both
IOHE in bulk and IOREE at the interface. The signs of θSCC and θLCC
determine the direction of JC, and consequently the polarity of THz
emission.

Most recently, the orbital current converted to charge current inTi and
Mn layers has been investigated via IOHE57. In addition, the insertionof aW
layer with high spin-orbit conversion efficiency was used to generate larger
orbital currents from spin currents. However, the influence of thickness of
the W insert layer on the whole spin-orbitronic THz emitters has not been
investigated. As described by Eq. (1), one of the greatest challenges is to
understand how the orbital angular momentum of mobile charge carriers
interacts with spins, photons, and phonons in different material platform,
and how these interactions can be used in devices and technologies.

Zr is a 4d light metal for orbital transport due to its 4d25s2 orbital
configuration, the unfilled d cell facilitates the efficient transportation of L32.
Although Zr has been used to generate the orbital torque39, and further
realizing the efficient reversal of the magnetic moment with perpendicular
magnetic anisotropy60. Both the spin-to-charge and orbit-to-charge con-
versions in Zr layer on ultrafast time scales are still unexplored. In addition,
the active control of ultrafast JL is not fully understood.

In thiswork,we provide experimental evidences for the conversion of a
light-induced JL from Co into the JC by LCC within Co/Zr/Al2O3 and Co/
W/Zr/Al2O3 heterostructures using THz emission spectroscopy. The Zr
thickness dependency of THz emission indicates a long-distance ballistic
transport of JLwithin the Zr layer. In addition, it can be analyzed to extract
information regarding the velocity and propagation characteristics of the
ultrafast JL. Note that an insetW layer can be used tomanipulate the JL from
JS, as illustrated in Fig. 1c. We demonstrate that an additional JL channel
from a 1 nm thick W insertion layer enhances the THz emission from
Co(2)/W(1)/Zr(3)/Al2O3, which is 6.24 times larger than that from Co(2)/
Zr(3)/Al2O3 with opposite polarity. The numbers in parentheses represent
the thickness in nm. Furthermore, we demonstrate that both optical
pumping fluence and temperature play crucial roles in actively controlling
the ultrafast JL in Co/Zr/Al2O3. Our work highlights the controllable and
long-distance ballistic JL transport in Co/Zr/Al2O3 heterostructures, which
open up the possibilities for developing orbital-based information transfer
in the THz frequency region and spin-orbitronic THz emission devices.

Results and Discussion
Samples and experiment
We fabricated the FM/NMheterostructures with the stack of Co(2)/Zr(3-25),
Co(2)/W(1)/Zr(3-20), and Co(2)/W(1-5)/Zr(3) on the c-Al2O3 (0001) single
crystal substrates and protected with a 5.0-nm MgO capping layer, by using

Table 1 | Comparison of spin conductivity (σSH), orbital conductivity (σOH), spin diffusion length (λsd) and orbital diffusion length
(λod) in different materials

Materials σSHðΩ�1 � cm�1Þ σOHðΩ�1 � cm�1Þ λsdðnmÞ λod ðnmÞ
W −32427

−8328
+329327

+449028
4 ± 133 \

Pt +215229

+173928

+81527

+291929

+433028

+191827

1.4 ± 0.234

3.4 ± 0.435

8.0 ± 0.536

\

Ta −27429

−28627

−728

+680329

+382027
4 ± 133 \

Ti −4023 +380023 \ 74 ± 2423

Cr −13030

−7031
+820030

+700031
1.8 ± 0.637 6.1 ± 1.737

6.6 ± 0.631

Cu +3030 +120030 \ 2.741

Nb −4828

−11727
+593028

+364127
3.138 \

Zr −17032 +530032 3.1 ± 1.332

3.68 ± 1.1739
14.2 ± 0.839

Ni/Zr \ \ \ 9.66 ± 2.3239

Ni/W/SiO2 \ \ \ 8040

Ni/Cu/MgO \ \ \ 947

Co/Zr/Al2O3 \ \ \ 7.0~15.6 (this work)
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ultrahigh vacuum magnetron sputtering (see Methods for samples’ details).
The crystallinity of the heterostructures was confirmed by X-ray diffraction
pattern (Supplementary Note 1). To investigate the generation and manip-
ulation of ultrafast JL in Co/Zr/Al2O3 and Co/W/Zr/Al2O3 heterostructures,
we conducted the THz emission spectroscopy measurements, as shown in
Fig. 1d. In brief, a train of linearly polarized ultrashort laser pulses (duration
35 fs, center photo-energy of 1.55 eV, repetition rate of 1 kHz) from a Ti:
sapphire laser amplifier was used to excite Co/Zr/Al2O3 and Co/W/Zr/Al2O3

heterostructures. An in-plane magnetic field of H=± 100 mTwas applied to
keep the samples in the saturatedmagnetization state. The emitted THz pulse
propagates in the dry-air atmosphere and is detected as an electrooptical
sampling (EOS) signal by a 1.0-mmZnTe (100) crystal (seeMethods for THz
emission-setup details).

THz emission from Co(2)/Zr(3)/Al2O3 and Co(2)/Al2O3

Figure 1e shows theTHzemission signals frombothCo(2)/Zr(3)/Al2O3 and
Co(2)/Al2O3 single-layer. We note that the polarity of THz signal remains
unchangedwhen theCo(2)/Al2O3 single-layer isflipped,which is consistent
with the ultrafast demagnetization49 and rule out the anomalous Hall
effect61,62 and the anomalous Nerst effect63 as the dominated THz emission
mechanism. In contrast, when the Co(2)/Zr(3)/Al2O3 sample is flipped
from front-side to back-side excitation, the THz emission signals’ polarities
are reversed, under a fixed H (Supplementary Note 2). In addition, the
polarities of THz emissions are inverted by reversing the H, while keeping
the optical excitation and detection geometry unchanged (Supplementary

Note 3). The findings demonstrate that the THz emission from Co/Zr/
Al2O3 is different from the ultrafast magnetic dipole contribution. We also
checked the measurements with linearly- and circularly-polarized pump
pulses, which reveal a negligible impact on the THz emission (Supple-
mentary Note 4). All the experimental results demonstrate that the electric
dipole contribution is the dominate THz emission mechanism in Co/Zr/
Al2O3 rather than the magnetic dipole contribution. As shown in Table 1,
the calculated OHC σOH≈ 5300 (ħ e−1) (Ω·cm)−1 is one order higher than
SHC σSH ≈�170 (ħ e−1) (Ω·cm)−1 32,39. Therefore, the THz generation from
Co/Zr/Al2O3 should consists of two electric dipole contributions from both
LCC and SCC mechanisms.

Generation of light-induced orbital transport in Co/Zr/Al2O3

To further identify the THz emission mechanism from Co/Zr/Al2O3 to be
both LCC and SCC, as shown in Fig. 2a, we investigate the Zr thickness-
dependent THz waveforms in the time-domain (frequency spectra are
shown in Supplementary Note 5). Figure 2b plots the time delay τD in the
peak of the emitted THz pulse as a function of the thickness of Zr, dZr. The
observed τD is an experimental indication of JL transport through the Zr
layer rather than JS transport

64. τD is related to the orbital carrier flying time
through the Zr layer. When dZr increases from 3.0 nm to 15.0 nm, the τD
shifts by approximately ~65 fs. In this thickness range, the τD nonlinearly
increaseswithdZr associatedwith a concave shape.As the red curvefitting in
Fig. 2b, τD / ðdZrÞα with α � 0:495, which rules out the diffusive regime
(α = 2), pure ballistic nature of long-distance ballistic transport (α = 1)40, and
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Fig. 1 | Ultrafast THz emission from Co(2)/Al2O3 and Co(2)/Zr(3)/Al2O3 het-
erostructure. a Schematic illustration of the spin-to-charge-current conversion (SCC) in
ferromagnetic (FM) (such as CoFeB, Py)/heavy metal heterostructures. b Schematic
illustration of the orbit-to-charge current conversion (LCC) inFM(such asNi, Co, CoPt)/
light metal heterostructures. S and L label the spin angular momentum and the orbital
angular momentum, respectively. ηL�S is the spin-orbit correlation factor. c After the
insertionof ahighspin-orbit coupling layer, a synergistic effect of SCCandLCCmodulates

the charge current JC and THz emission. d Experimental schematics of THz emission
spectroscopy and detection setup. Ultrafast laser pulses traveling along z-axis are incident
on the sample, leading to the emissionof broadbandTHzpulses,which are focusedby two
off-axis parabolic mirrors and detected by a 1.0-mm ZnTe (100) crystal. e THz emission
signals fromCo(2)/Zr(3)/Al2O3 and Co(2)/Al2O3 single-layer measured under front (red
line)/back (blue line) excitations appliedwith externalmagneticfields [+H(solid line) and
�H (dash line)].
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super-diffusive regime (1<α < 2). Therefore, α� 0:495 indicates a ballistic
transport regime accompanied by a long decoherence process (seeMethods
for Models of orbital carrier transport)39,55.

To better quantitatively understand the concave shape of τD as a
function of dZr, we used the formalism presented in55, by introducing a
probability of orbital flip or orbital decoherence, to express the τD:

τD ¼
R1
to
dt exp � t

τof

� �
R1
to

dt
t exp � t

τof

� � ð2Þ

where the τof describes the orbital flip time. to ¼ dZr
v0
, v0 is the group velocity

of the orbital carriers. v0 and τof can be obtained from the fitting of τDðdZrÞ,
yielding vo ¼ 0:27± 0:02 nm fs−1 and τof is in the rangeof 100 fs to 500 fs, as
shown in Fig. 2b. In the ballistic transport regime of THz experiments, the
orbital diffusion lengthcan further be expressed in theusual diffusivepicture
of dc orbital currents:

lof ¼ vo ×

ffiffiffiffiffiffiffiffiffiffiffiffiffi
τof ×

τ

3

r
ð3Þ

where τ is the typical momentum relaxation time constant. We used THz
time-domain spectroscopy (THz-TDS) to measure the electronic con-
ductivity spectra of Co(2)/Zr(3-25)/Al2O3 (see Methods for THz time-
domain spectroscopy). Using the Drude-Smith model, we extract the
momentumrelaxation time τ at roomtemperature is approximately 20 fs65,66

(SupplementaryNote 6). Therefore, the orbital diffusion length of Zr can be
estimated to be in the range of 7.0~15.6 nm, which agrees with the value of
14.2 ± 0.8 nm measured by spin torque ferromagnetic resonance (ST-
FMR)39. Co/Zr/Al2O3 exhibits comparable and high orbital velocity,
compared with the values of 0.26 ± 0.08 nm fs−1 and 0.14 nm fs−1 for Ni/
Cu/MgOandNi/W/SiO2, respectively, as summarized inTable 2.Note that,
when dZr increases beyond 15.0 nm, which is larger than the orbital
diffusion length, τD exhibits a rapiddecrease.This experimental observation
can be interpreted as a crossover from the LCC-dominant THz emission
(with time-delay) to the SCC-dominant THz emission (without time-
delay), which also agrees with the recent findings in the literature41.

To further understand the characterization of LCC, the THz peak
amplitudes are normalized by ZdAd

F , where Z
d is the THz radiation impe-

dance of the sample (Supplementary Note 7) and Ad
F is the incident pump

pulse absorbance (Supplementary Note 8). The normalized THz signal is
proportional to the efficiency of spin/orbit-charge conversion. As shown in

Fig. 2 | Orbital-to-charge current (LCC) and spin-
to-charge current (SCC) conversions-based THz
emission from Co/Zr(dZr)/Al2O3 hetero-
structures. a shows the THz emission from Co(2)/
Zr(dZr)/Al2O3 heterostructures with different Zr thick-
nesses. The marked small circles indicate a non-
monotonic shift in THz peak as the thickness of Zr
increased. b shows the time delay (τD) as a function of
dZr measured at pump fluence of 1.87 mJ cm-2. The
dashed curves are calculated by Eq. (2), with an orbital
diffusion velocity v0 = 0.27 ± 0.02 nm fs−1 and different
orbital flip times τof in the range of 100 fs to 500 fs.
c shows the normalized peak-to-peak values of THz
waveforms (ΔPK)byZdAd

F , as a functionofdZr.d shows
the full width at half maxima (FWHM) of the THz
pulses for Co/Zr/Al2O3 heterostructures with different
dZr. Inset shows the measured FWHM of a THz
waveform. The dashed purple curve is guides to the eye.
e Conception diagram of the THz emission from dif-
ferent channels of conversions within Co/Zr/Al2O3: (1)
the spin current JS generated from the ferromagnetic
(FM) layer is converted into charge current JC,SCC, (2)
the orbital current JL is converted into charge current
JC,LCC. JL(0) is the charge current generated at the
interface of Co and Zr. The error bars in b, d are the
standard deviations calculated from multiple measure-
ments and fits.
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Table 2 | Comparison of orbital velocity and orbital diffusion length in different heterostructures

Heterostructures Orbital velocity (nm fs-1) Orbital diffusion length (nm)

SiO2(substrate)/Ni/W/SiO2(capping layer) 0.1440 8040

SiO2(substrate)/CoPt/Cu/MgO(capping layer) 0.1541 2.741

SiO2(substrate)/Ni/Pt 0.14 ~ 0.1848 1848

MgO/Cu/Ni/MgO/Ta(capping layer) 0.26 ± 0.0855 9.055

Al2O3(substrate)/Zr/Co/MgO(capping layer) 0.27 ± 0.02 7.0 ~ 15.6
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Fig. 2c, the peak of normalized ΔPK abruptly reaches its maximum as
dZr = 3.0 nm and then single-exponentially decreases with a relaxation
length constant of λrel= 11.46 ± 0.8 nm. With increasing dZr, we do not see
any progressive increase of active region for IOHE based THz emission,
which indicates that the LCC cannot be attributed only to the IOHE. Fig-
ure 2d shows the FWHM of THz pulses, which broadens from 320 fs at
dZr = 3.0 nm to 450 fs at dZr = 25.0 nm. A more pronounced angular dis-
persion of the JL is observed in the thickerfilms. This visible chirping of THz
pulse confirms the long-distance ballistic transport within the Zr layer67. All
these two observations indicate that both bulk IOHE and interfacial IOREE
contribute to the LCC mechanism for THz emission in Co(2)/Zr(3-25)/
Al2O3 heterostructures.

Modulation of light-induced orbital transport in Co/Zr/Al2O3

BasedonEq. (1), the orbital angularmomentumcan transfer between lattice
and electrons48, we make a further step to investigate the active modulation
of orbital transport in the Zr layer by changing the pump fluence and
temperature. Figure 3a shows the exemplaryTHz emissionwaveforms from
Co(2)/Zr(3)/Al2O3 measured with different pump fluences. As shown in
Fig. 3b, ΔPK values increase with increasing pump fluence, and start to
saturate. The data are well fitted by the saturation formula (see Method for
saturation model). The saturation fluence can be extracted Fsat = 1.30 mJ
cm−2 and 1.53 mJ cm−2 for Co(2)/Zr(3)/Al2O3, and Co(2)/Zr(5)/Al2O3,

respectively. In order to quantitatively evaluate the deformation of THz
waveformas the pumpfluence increases, we took the peak-to-peak duration
measured at 0.19 mJ cm−2 as a baseline and subtracted it from measure-
ments obtained at higher pump fluences. Figure 3c shows the relative peak-
to-peak durations of the THz pulses for Co(2)/Zr(dZr)/Al2O3, which
increases proportionally with the increment in pump fluence, indicating a
broadening deformation. When the pump fluence exceeds a certain critical
fluence threshold, the waveforms of THz pulses tend to be narrow. This
behavior was observed in all Co(2)/Zr(dZr)/Al2O3 samples (Supplementary
Note 9). The critical fluence threshold can be extracted as a function of dZr,
as summarized in Fig. 3d. It can be found that the critical fluence threshold
increases with dZr linearly.

These experimental results can be qualitatively interpreted. The
increase in pump fluence increase the scattering probability of charge car-
riers, which perturbs the orbital wave function. Thus,more collisions imped
the orbit transport48. As a consequence, the THz pulse experiences a chirp,
resulting in waveform broadening deformation. When the pump fluence
increases beyond a critical value, the non-equilibrium orbital wave function
absorbs additional angular momentum from the lattice via the crystal field
potential by 1

i_ L;VCF

� �� �
in Eq. (1). The enhancement of the JL can surpass

the collisions and facilitates a more efficient ballistic transport. As dZr
increases, the orbital carriers requiremore energy to overcome the collisions
and to move over a larger distance ballistically, which is indicated by the

Fig. 3 | Manipulation of ultrafast ballistic orbital
transport. a THz emission signals from Co(2)/
Zr(3)/Al2O3measured at pump fluences in the range
of 0.19�2.24 mJ cm-2. b The peak-to-peak ampli-
tudes (ΔPK) of THz emission for Co(2)/Zr(3)/Al2O3

and Co(2)/Zr(5)/Al2O3 as functions of pump flu-
ence. c The relative peak-to-peak durations for
Co(2)/Zr(dZr = 3, 5, 10, 15, 18, 20, 25)/Al2O3 as
functions of pump fluences. The peak-to-peak
durations measured at pump fluence of 0.19 mJ cm-2

were taken as the baselines. d The critical pump
fluence with variation in dZr of Co(2)/Zr/Al2O3 and
Co(2)/W(1)/Zr/Al2O3. e and f show ΔPK and rela-
tive peak-to-peak durations as functions of sample’s
temperature, respectively. The peak-to-peak dura-
tions measured at 20 K were taken as the baselines.
The error bars in e are the standard deviations cal-
culated from multiple measurements.
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larger critical pumpfluence. In Fig. 3d, the slope of the linear correlation can
be represented as a critical energy density, ϵc, which denotes the energy per
unit volume required to overcome collisions and facilitates a ballistic orbital
transport. ϵc is quantified as 624.2 J cm

−3, which is larger than 343.7 J cm−3

in Ni/Pt heterostructure48.
Inspired by the work of S. Kumar et al. 56, we aim to gain a deeper

understanding of the angular momentum transfer between orbitals and
crystal lattice. To achieve this, we have measured the THz emissions from
Co(2)/Zr(3)/Al2O3 and Co(2)/Zr(5)/Al2O3 at low temperatures. The
time-domain data are shown in Supplementary Note 10. In Fig. 3e, the
ΔPK of two samples increase proportionally with the samples’ tempera-
ture cooling down from 300 K to around 80 K. Below 80 K, ΔPK starts to
beflat. In addition, as shown in Fig. 3f, the relative peak-to-peak durations
narrow by approximately 16.5 fs and 24 fs, from 20 K to 80 K for Co(2)/
Zr(3)/Al2O3 and Co(2)/Zr(10)/Al2O3, respectively. Above 80 K to 300 K,
the relative peak-to-peak durations shift back to the similar value mea-
sured at around 20 K. The non-monotonic temperature dependences
demonstrate that the orbital degree of angular momentum is strongly
influenced by the temperature-sensitive crystal field potential. Our
experimental results can be interpreted qualitatively. The drop of tem-
perature (from 300 K to 80 K) decreases the scattering probability of
charge carriers and the collision between orbital carriers and lattices,
which facilitates more efficient orbit transport and results in the negative
shift of durations by ~16.5 fs for Co(2)/Zr(3)/Al2O3 and ~24 fs for Co(2)/
Zr(5)/Al2O3, respectively.While, at lower temperature below 80 K, on the
one hand, the phonon freezing slows down both spin-lattice and orbit-
lattice interactions. On the other hand, the charge carriers may transfer
additional angular momentum back to the lattice, thereby impeding the

ballistic transport of orbit current, which leads to thepositive shift of peak-
to-peak duration. This semi-quantitative analysis could provide a quali-
tative way to understand the modulation of THz emission by the angular
momentum transfer among spin, electron, orbital and crystal, with
varying pump fluence and temperature. While, from the theoretical
perspective, a more accurate quantum scattering model is desired to
microscopically describe the dynamics and conversion of orbit and spin
currents, which is required to interpret the pump fluence thresholds or the
critical temperatures.

Finally, to further activemodulate the orbital transport, aW layer with
high-efficient SOCwas inserted betweenCoandZr layer. Figure 4a–c shows
the typical time-domain waveforms of THz radiations from the Co(2)/
W(1)/Zr(3)/Al2O3, Co(2)/W(3)/Zr(3)/Al2O3 and Co(2)/W(5)/Zr(3)/Al2O3

comparedwith Co(2)/W(1)/Al2O3, Co(2)/W(3)/Al2O3, Co(2)/W(5)/Al2O3

and Co(2)/Zr(3)/Al2O3, respectively, under the same front side excitation
with +H.

We firstly found that the polarities of THz emissions from Co/W/
Al2O3 are opposite to that from Co/Zr/Al2O3. Owing to the spin con-
ductivity and theorbital conductivity ofW layerhaveopposite sign, thus, the
SCC and LCC induced currents should have opposite polarities. However,
the spin-orbit correlation factor of W, ηWL�S < 0

40. Thus, the mechanisms of
SCC and LCC add up constructively, as shown in Fig. 4e, because they
coincide with the same signs of θWSCC<0 and ηWL�Sθ

W
LCC < 0. Noted that the

spin conductivity of Zr has the same polarity with that of W, if the THz
emissionmainly derive from the ISHE inZr, theTHzpolarities of theCo(2)/
Zr(3)/Al2O3 and Co(2)/W/Al2O3 should be the same. However, they are
opposite, indicating that the LCC dominates the THz emission from the
Co(2)/Zr(3)/Al2O3 heterostructures.
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Fig. 4 | Modulation of THz emission assisted by additional spin-orbital current
conversion. The time domain THz emissions from a Co(2)/W(1)/Zr(3)/Al2O3 and
Co(2)/W(1)/Al2O3, b Co(2)/W(3)/Zr(3)/Al2O3 and Co(2)/W(3)/Al2O3, c Co(2)/
W(5)/Zr(3)/Al2O3 and Co(2)/W(5)/Al2O3 compared with Co(2)/Zr(3)/Al2O3 and
1.0-mm thick ZnTe, measured under same conditions. d The extracted difference of
THz waveforms between ① and ② in a compared with THz emission from Co(2)/
Zr(3)/Al2O3. e Conception diagram of the THz emission from different channels in
Co/W/Al2O3 and Co/W/Zr/Al2O3. For Co/W/Al2O3, (1) the spin current JS

generated is converted into the charge current in W layer JWC;SCC, (2) the orbital
current JL is converted into the charge currents both JWC;LCC inW layer and JW=Al2O3

C;LCC at
the interface ofW and Al2O3. For Co/W/Zr/Al2O3, (1) the spin current JS generated
is converted into the charge current in W layer JWC;SCC, (2) the orbital current JL is
converted into the charge currents both JWC;LCC inW layer and JZrC;LCC in Zr layer. SCC
and LCC label the spin-to-charge-current conversion and the orbit-to-charge cur-
rent conversion, respectively.
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Secondly, we compare the THz emissions from Co/W/Zr/Al2O3 and
Co/W/Al2O3. As shown in Fig. 4b and c, the THz emission from Co(2)/
W(3)/Zr(3)/Al2O3 is nearly 60.7% of that from Co(2)/W(3)/Al2O3. The
THz emission from Co(2)/W(5)/Zr(3)/Al2O3 is nearly 45.6% of that from
Co(2)/W(5)/Al2O3. The experimental results can be interpreted, as shown
by the schematic diagrams in Fig. 4e. In the Co/W/Al2O3, the JS can be
converted into JWC;SCC , while the JL can be converted into both JWC;LCC and
JW=Al2O3
C;LCC . The sum of JWC;SCC + JWC;LCC þ JW=Al2O3

C;LCC is responsible for THz
generation. While, in the Co/W/Zr/Al2O3, the Zr layer between W and
Al2O3 can destroy the JW=Al2O3

C;LCC via interfacial IOREE, which would sig-
nificantly reduce the THz emission.

Previous reports have demonstrated that an insertion W-insertion
layer canprovide an additional JL. To investigate the LCC in theZr layer, the
thickness of Wwas decreased to 1 nm in the Co/W/Zr/Al2O3. As shown in
Fig. 4a, theCo(2)/W(1)/Zr(3)/Al2O3 (marked as①) produces nearly 1.7 and
6.24 times higher THz signal as compared to that from Co(2)/W(1)/Al2O3

(marked as ②) and Co(2)/Zr(3)/Al2O3 (marked as ③), respectively.
Figure 4d shows ETHz

Coð2Þ=Wð1Þ=Zrð3Þ=Al2O3
� ETHz

Coð2Þ=Wð1Þ=Al2O3
(marked as ①–②)

andETHz
Coð2Þ=Zrð3Þ=Al2O3

(marked as③), whichhave an significant phase shift. In

addition, the absolute peak value ofETHz
Coð2Þ=Wð1Þ=Zrð3Þ=Al2O3

� ETHz
Coð2Þ=Wð1Þ=Al2O3

is 2.95 times larger than that of ETHz
Coð2Þ=Zrð3Þ=Al2O3

. The role of the 1 nm

W-insertion layer acts as an additional orbital current channel rather than

simply as SCC and LCC effects itself. This additional orbital current JCo=WL

has an opposite sign comparedwith the JCoL of Co layer. As shown in Fig. 4e,
the JC produced in Co(2)/W(1)/Zr(3)/Al2O3 responsible for enhanced THz
emission is the vectoral sum of the three dominating charge currents,
expressed as JC / JWC;SCC þ JWC;LCC þ JZrC;LCC . Therefore, the 1 nm thickW is
the optimized structure for THz generation from Co/W/Zr/Al2O3. As
shown in Fig. 4a, the synergistic effect of both LCC and SCC enhances the
THz generation signal fromCo(2)/W(1)/Zr(3)/Al2O3, which can be almost
as large as the emission froma1.0-mmthickZnTe crystal. The experimental
setup and crystal’s orientation are optimized to achieve the maximumTHz
emission signal fromZnTe.Noted that, the peak-to-peak duration ofCo(2)/
W(1)/Zr(dZr)/Al2O3 has a similar pump fluence dependence with the
Co(2)/Zr(dZr)/Al2O3, and the ϵc is quantified as 440.6 J cm−3, as shown
in Fig. 3d.

Conclusions
In summary, we have demonstrated the generation and manipulation of
ultrafast JL inCo/Zr/Al2O3 andCo/W/Zr/Al2O3 heterostructures excited by
femtosecond laser pulses. The ballistic orbital transport through Zr pro-
pagates a long-distance with an orbital diffuse length in the range of
7.0~15.6 nm and a velocity of 0.27 ± 0.02 nm fs−1. Furthermore, the orbital
transport can be controlled by the incident femtosecond laser pulses and
temperature.Usually, the increasing collisiondisperses the orbital transport.
Beyond a critical pump fluence, carriers overcome the collisions, and the
orbital transport occurs at a swifter pace. Below a critical temperature, the
ballistic transport of orbit current is impeded. Finally, the Co(2)/W(1)
bilayer turns out to be an efficient source of JL, with efficiency associated
with the insetting of the large SOC of 1 nm thickW between the Co and Zr
layers. Zr is a candidate as LCC material, its large orbital conductivity and
orbital velocity makes it a highly promising material for THz emission
driven by ultrafast orbital currents. The spin-orbitronic THz sources can be
assembled to the ready-to-use device for compact THz spectroscopy and
communication applications68–71.

Methods
Sample preparation
In this study, the multilayer films with a structure of Co(2)/Zr(3-25) were
deposited on Al2O3 single crystal substrates via an ultrahigh vacuum mag-
netron sputtering system with a base pressure value lower than 5.0 × 10−8

Torr. During the deposition process, the Ar pressure was maintained at a
constant level of 3 mTorr. The growth rate is 0.256Å s−1 for Zr and

0.206Å s−1 for Co, respectively. The Zr layer was deposited at 300 °C to
obtain polycrystalline Zr layer. The MgO capping layer was 5.0 nm thick to
protect the structure from oxidation. Figure S1 depicts XRD pattern of the
polycrystalline Zr thin film on the Al2O3 substrate. We found two peaks at
2θ= 33.06˚ and 34.75˚, corresponding to the (100) and (002) reflections of
hcp-structured Zr, suggesting that Zr film is polycrystalline. In addition, the
MgO/Co(2)/W(1,3,5)/Zr(3-20)/Al2O3 heterostructures were fabricated. The
Co(2)/Al2O3 and Co(2)/W(1)/Al2O3 heterostructures were employed as the
control samples. The thickness of the FM Co layer remains constant at
2.0 nm throughout the experiment.

THz emission setup
In the optical experiment, the system employs a titanium sapphire laserwith a
centralwavelengthof 800 nm,adurationof 35 fs, anda repetition frequencyof
1 kHz, andaspotdiameterof~4mm.Asdepicted inFig. 1, the fs laserwas split
into two beams (8:2) by beam splitter. The high-power laser pump beamwas
collimated with the linearly polarized laser spot on the sample of 4mm. A
static in-plane magnetic field of Hext= 100 mT was applied along the ±y
direction to keep the system in the saturated magnetization state. A lock-in
amplifiermodulated by a chopper of ~490Hzwas used tomeasure the signal.
A 1.0mm thick ZnTe (110) crystal was utilized as the THz detector. Based on
the electro-optic sampling method, the time-domain signal of the THz pulse
was measured. For the electro-optic sampling, a quarter-wave plate and a
Wollastonprismare employed to separate the sandppolarizationof theprobe
beam. The changes in the probe beam are subsequently identified via a
balanced photodiode thatmeasures the intensity difference between the s and
p-polarized beams. A lock-in amplifier is used to enhance the signal-to-noise
ratio and to plot the THz electric field. All measurements were conducted at
room temperature in a dry-air environment. The temperature-dependent
THz time-domain waveform were measured in the temperature range from
20K to 300K (the temperature interval of 20K between 20K and 100K, and
40K between 100K and 300K).

THz time-domain spectroscopy (THz-TDS)
Broadband THz-TDS was carried out on the Co/Zr/Al2O3 and Co/W/Zr/
Al2O3 heterostructures with the PCA-scanner system. A femtosecond laser
pulse (70mW, 100 fs duration, 1550 nm wavelength, 100MHz repetition
rate) was split into two beams: generation and detection laser beams. The
generated laser beam has a power of 27.5 mW, whereas the detection laser
beam has a power of 21.2 mW. The generated laser beam is focused onto a
100 μmInGaAs antenna as the emitter. The generated THz beam is focused
by a parabolic mirror and transmitted through a Co/Zr/Al2O3 and Co/W/
Zr/Al2O3 heterostructures. The amplitude and phase of the transmitted
THz pulses are detected by another InGaAs photoconductive switching, by
scanning a variable optical delay stage. The dynamic range exceeds 80 dB.
All static THz spectra were obtained in a room-temperature with dry air
environment.

Models for orbital carrier transport
The delay time τD depends on the Zr thickness (dZr) and the group
velocity of orbital carriers in the case of both ballistic and diffusive
transports. (1) The ballistic transport occurs when the coherence time is
short, resulting in a linear relationship between the traveling distance and
delay time, τD / dZr . (2) The ballistic transport is accompanied by a long
decoherence process, where the τD increases with the distance according:
τD / ðdZrÞα with α<1. (3) For the diffusive transport regime, the τD
increases with the dZr according: τD / ðdZrÞ2. (4) The super-diffusive
regime corresponds to an intermediate between purely ballistic and
diffusive regimes (1<α<2), corresponding to the excitation of secondary
source of electrons.

Model for THz saturation
The peak-to-peak value of THz signal ΔPK increases with an increasing
pump fluence, and then reaches saturation. The experimental data of
saturation effect can be fitted by the saturation formula ΔPK (FP) = B×Fp/
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(Fp+Fsat)
72, where B characterizes the factors in terms of the THz radiation,

Fp is the pump fluence and Fsat is the saturation fluence.

Data availability
The experimental raw data for this work can be found in Supplementary
Data 1. All other relevant data are available from the corresponding author
upon reasonable request.
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