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Photo-spin-voltaic e�ect
David Ellsworth1†, Lei Lu1†, Jin Lan2,3, Houchen Chang1, Peng Li1, ZheWang3, Jun Hu2, Bryan Johnson1,
Yuqi Bian1, Jiang Xiao3,4, RuqianWu2,3* and MingzhongWu1*

The photo-voltaic e�ect typically occurs in semiconductors and involves photon-driven excitation of electrons from a valence
band to a conduction band. In a region such as a p–n junction that has a built-in electric field, the excited electrons and holes
di�use in opposite directions, resulting in an electric voltage. This letter reports that a spin voltage can be created by photons
in a non-magnetic metal that is in close proximity to a magnetic insulator: a photo-spin-voltaic e�ect. The experiments use
platinum/magnetic insulator bilayer structures. On exposure to light, there occurs photon-driven, spin-dependent excitation
of electrons in several platinum atomic layers near the platinum/magnetic insulator interface. The excited electrons and holes
di�use in di�erent manners, and this gives rise to an e�ective spin voltage at the interface and a corresponding pure spin
current that flows across the platinum.

Conventional microelectronics relies on the charges of
electrons for information transfer and processing. With
ever-growing capacities and functionalities, however,

charge-current-associated power consumption in electronic
devices has become an increasingly severe issue. In addition to
charges, electrons also carry spins. It is possible to drive electrons
with different spins to flow in opposite directions, producing a
spin current rather than a charge current. Such spin currents can
potentially be used to develop a new generation of electronics that
consumes significantly lower energy.

The generation of pure spin currents in a rapid and controllable
manner represents a challenging research subject. At the present
time, pure spin currents can be generated bymeans of spin pumping
and the spin Seebeck effect (SSE). Spin pumping involves the use
of microwaves to drive the precession of magnetic moments in a
ferromagnet and the transfer of spins from precessional moments
to an adjacent normal metal1–3. For the SSE, a temperature gradient
across a ferromagnetic film induces a spin voltage in the film which
can inject a spin current into an adjacent normalmetal4–10. Although
spin pumping and the SSE offer two means for spin current
generation, it is challenging to realize well-localized microwave
fields or temperature gradients at nanometre scales in a rapid
fashion. An alternative way to produce pure spin currents is to
use the spin Hall effect, in which spin–orbit coupling converts a
longitudinal charge current to a transverse spin current11–14. This
approach, however, requires charge currents, and hence involves
unwanted power consumption.

This letter reports on the discovery of a photo-spin-voltaic (PSV)
effect that offers a new means for the generation of pure spin cur-
rents. A schematic of the effect is shown in Fig. 1. The experiments
used normal metal/magnetic insulator (MI) heterostructures where
the normal metal was a Pt layer, several nanometres in thickness,
and the MI was a film of Y3Fe5O12 (YIG)15, Ga-doped YIG, or
BaFe12O19 (BaM)16 with a thickness in the 10–105 nm range. When
light illuminates the Pt film, photons with appropriate energy excite
electrons in the occupied bands to the unoccupied bands. For the
Pt atomic layers in close proximity to the MI, the efficiency of
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Figure 1 | Photo-spin-voltaic e�ect in a platinum (Pt) /magnetic insulator
(MI) bi-layered structure. The MI has in-plane magnetization (M). When
the structure is exposed to light, a spin voltage (µ↑−µ↓) arises in Pt
atomic layers in close proximity to the MI. This spin voltage drives spin-up
and spin-down electrons to move in opposite directions, resulting in a pure
spin current across the Pt thickness.

the photon-driven electron excitation is different for electrons in
different spin channels. This efficiency difference, together with the
difference in the diffusion of the excited electrons and holes, gives
rise to a spin voltage near the interface, and a corresponding pure
spin current across the Pt thickness. Such spin currents can produce
a measurable electric voltage in the Pt film by means of the inverse
spin Hall effect (ISHE)12,17. This new phenomenon is analogous
to the photo-voltaic effect in semiconductors18, but engages spin-
dependent photon-driven electron excitation.

Figure 2a shows a schematic of the experimental set-up, where
the core component is a Pt(2.5 nm)/YIG(4.9 µm) structure grown
on a Gd3Ga5O12 (GGG) substrate. An in-plane magnetic field H is
applied tomagnetize theYIG film to saturation. Ahalogen light bulb
was used to illuminate the Pt/YIG structure from either the top (as
shown) or the bottom. A nanovoltmeter was used to measure ISHE
voltages across the Pt length.
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Figure 2 | Main features of the PSV e�ect. a, Experimental configuration to demonstrate the PSV e�ect. b, Voltage signals measured for di�erent field
angles (θH) in response to light that was first turned on at 100 s and then turned o� at 400 s. The inset shows the voltage as a function of θH. The circles
show the voltage average over the entire period of light illumination; the error bars represent the standard deviation; the curve shows a sine function fit.
c, Voltage signals for di�erent directions of light illumination in response to a light signal turned on at 50 s and o� at 70 s. The inset shows the voltage
values for ten measurements, which are averages over the time period of 55–65 s; error bars are the standard deviation. d, Voltage and temperature profiles
obtained under the same condition as the data shown by the red curve in b. All the data were obtained with a 3.5-mm-long, 1.5-mm-wide
Pt(2.5 nm)/YIG(4.9 µm)/GGG(0.5 mm) sample, a magnetic field of H= 1,090 Oe, and a 100-W halogen light bulb placed 29 cm away from the sample.
The data in b and d were measured with an electrode separation of 2.5 mm, whereas the data in c were measured with a separation of 3.0 mm. For the data
in c and d, the field angle θH is 90◦.

Figure 2b shows the voltage signals measured in response to light
illuminating the Pt side of the structure. The three signals are for
different field angles (θH, as marked in Fig. 2a). Figure 2c compares
the responses to light incident on different sides of the sample. One
can see three main results from the data in Fig. 2b,c. First, the light
illumination gives rise to a notable voltage signal, demonstrating the
PSV effect. Second, the voltage versus θH response can be fitted well
by a sine curve, with the voltage flipping its sign whenH is reversed,
showing themagnetic nature of the PSV effect. Third, reversal of the
direction of light illumination does not result in a change in the sign
of the voltage, indicating that the PSV effect is unrelated to possible
temperature gradients across the structure thickness.

Figure 2d presents measurements of the voltage and three
temperatures, which further confirm the irrelevance of the
temperature gradient. The blue curve shows the voltage. The
red, orange, and green symbols show the temperature of the Pt
surface (TPt), the temperature difference across the entire structure
thickness (1Tt), and the temperature difference along the x axis
between the two electrodes for the voltage measurements (1Tl),
respectively. It is obvious that the temperatures respond to the
‘on’ and ‘off’ operations of the light in a manner much slower
than that of the voltage. 1Tl even changes its sign during the
period of light illumination. Furthermore, 1Tt and 1Tl are both
very small, with their absolute values less than 0.5 ◦C. If one
takes into account the GGG substrate thickness and assumes a
linear temperature distribution across the structure thickness, the
temperature difference across the YIG film thickness would be
less than 0.005 ◦C. These results together clearly confirm that

the observed voltage signals cannot be attributed to any effects
associated with a temperature gradient, including the Seebeck
effect19, the SSE4–10, the Nernst effect20, the anomalous Nernst
effect21,22, and the planar Nernst effect21,23–25. Note that when
1Tt (1Tl) is large and the SSE overwhelms the PSV effect, the
voltage signal changes with time in the exactly same manner as
1Tt (1Tl), as shown in Supplementary Fig. 4.

The above-described PSV effect was further examined through
control measurements. Figure 3 shows data obtained with different
light/field configurations using four different samples. Figure 3a
shows the data for the same sample as described in Fig. 2. The
data were obtained for three light configurations and two different
magnetization (M) orientations. The numbers beside the voltage
profiles indicate the voltage levels. Three important results are
evident from Fig. 3a. First, for a given M orientation, the voltage
signal is the strongest when the two bulbs are used to illuminate
both the sides of the sample; and there is no change in the voltage
sign when one switches between the light-on-Pt and light-on-MI
configurations. These results further verify that the observed effect
is not due to any effects associated with a temperature gradient.
If the effect is associated with temperature gradients, one would
expect that, for the three light configurations in Fig. 3a, the leftmost
one should have the smallest temperature gradient across the MI
thickness, and should therefore yield the weakest voltage signal.
Second, the data also show that the voltage obtained with two bulbs
illuminating both sample sides is approximately equal to the sum
of the voltages for the light-on-MI and light-on-Pt configurations.
This result indicates that it is the light intensity, not the illumination
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Figure 3 | Measurements for di�erent illumination/magnetization
configurations. The data show PSV voltages in response to three di�erent
light illumination configurations (see small diagrams on the top) for two
di�erent magnetization (M) orientations (see diagrams on the right) for
four di�erent samples. a, Results for the same sample as that described in
Fig. 2. b, Results for three further samples. ‘78-µm YIG’ denotes a
18-mm-long, 1.65-mm-wide Pt(2.6 nm)/Ga-doped-YIG(78 µm)/GGG
(0.4 mm) sample, ‘21-nm YIG’ denotes a 4.1-mm-long, 2.3-mm-wide
Pt(2.5 nm)/YIG(21 nm)/GGG(0.5 mm) sample, and ‘1.2-µm BaM’ denotes
a 4.1-mm-long, 2.5-mm-wide Pt(2.5 nm)/BaM(1.2 µm)/sapphire(0.6 mm)
sample. All the data were obtained with 100-W halogen light bulbs. The
light-to-sample distances were 20 cm, and the electrode separation was
about 3.8 mm.

direction, which is important for the PSV effect. Third, reversingM
results in a flip in the sign of the voltage, but produces only trivial
changes in the voltage magnitude, confirming the magnetic nature
of the PSV effect shown in Fig. 2b.

Figure 3b presents the data measured with three different
samples, where the MI layers are a 78-µm-thick opaque Ga-doped
YIG film, a 21-nm-thick transparent YIG film, and a 1.2-µm-thick
brown-colour BaM film. The data are presented in the same format
as in Fig. 3a. One can see that the data in Fig. 3b evidently confirm
all the results shown in Fig. 3a. Moreover, they also suggest it is
most likely that visible light does not play a dominant role in the
PSV effect. If visible light were to be involved then one would expect
that the samples consisting of non-transparentMI films should yield
much weaker signals for the light-on-MI configuration than for the
light-on-Pt configuration.

The data in Fig. 3 indicate a very important result: in spite of very
different magnetic films, the four samples yielded voltage signals
that differ by no more than one order of magnitude. This result has
two implications: the signals are not due to the SSE, which depends
strongly on the MI thickness26; and the effect is not associated with
magnon excitations in the MI, but is probably related to excitations
in the Pt. If theMI is responsible for the PSV effect, onewould expect
that the voltage levels of the signals from the three YIG samples
should be significantly different. In addition, the data also indicate

that, independent of the thickness and transparency of the MI, the
light-on-MI configuration gives stronger signals than the light-on-
Pt configuration, consistent with the data shown in Fig. 2c.

The above results indicate that it is very likely that the PSV
effect relies on excitations in the Pt and visible light does not make
the major contribution. These indications were further clarified
by measurements using different light sources and optical filters.
Figure 4 shows representative data. Figure 4a presents the optical
transmission values of four samples grown on GGG substrates, as
well as the transmission of a bare GGG substrate. Although not
shown, the transmission values in each case remained the same
when the samples were flipped over. In comparison with the bare
GGG, the two YIG samples show much lower transmission values
in the 350–450 nm range. This is consistent with the fact that YIG
films have a bandgap of about 2.8 eV (ref. 27). The comparison
between the data of the YIG and Pt/YIG samples clearly shows
that the growth of a Pt capping layer results in a notable reduction
in the transmission of the sample. This result, together with the
fact that the Pt layers are significantly thinner than the YIG films,
indicates strong light–Pt interactions, thereby indirectly supporting
the above-discussed result that the PSV effect is related to the
excitations in the Pt.

Figure 4b presents the voltages obtained when optical filters were
inserted between the light bulb and the sample. The figure shows the
voltage data for 12 filter combinations, all normalized to the voltage
measured with no filters. The figure also includes results which were
calculated by using a multiplication rule and the data measured
with a single filter inserted. As explained in the Supplementary
Information, the main argument in the multiplication rule is that
the agreement of the measured voltages with the calculated values
would indicate that the PSV effect occurs only in a narrow light
wavelength (λ) range, whereas the disagreement would suggest that
light over a wide wavelength range contributes to the PSV effect.
One can see from Fig. 4b that the experimental voltages agree well
with the calculated values for all 12 configurations, which evidently
indicates that only a relatively narrowwavelength range, rather than
a broad spectrum, is responsible for the PSV effect.

To further identify the critical wavelength, several measurements
were carried out as described below. First, measurements were
performed that used a 40-W white LED lamp with the spectrum
shown in Fig. 4c, instead of the halogen bulb. The measurements,
however, yielded very weak signals. This result confirms the above
conclusion that the visible light does notmake amajor contribution.
Second, measurements that used a filter with the transmission
shown in Fig. 4d gave a very strong signal (92.2% of the signal
obtained with no filters). This result further confirms that light with
λ<700 nm does not play a major role. Third, as shown in Fig. 4e,
measurements using a 800-nm short-pass filter and a 900-nm long-
pass filter indicate that light in the range 700nm<λ<1,000 nm
also makes a very small contribution to the PSV effect. Note
that the voltage (0.18 µV) measured with both the 800S and 900L
filters used is very close to the value (0.17 µV) calculated using the
multiplication rule, which firmly suggests that light in the range
700nm<λ<1,000 nm is not responsible for the PSV effect. Finally,
as shown in Fig. 4f, measurements using a 900-nm short-pass filter
and a 1,000-nm short-pass filter indicate that light in the range
900 nm< λ< 1,600 nm does not make a contribution to the PSV
effect either. As for the situation shown in Fig. 4e, the data in
Fig. 4f also show that the voltage (0.12 µV) measured with both
the two filters used is very close to the value (0.11 µV) calculated
using themultiplication rule, which further suggests that the critical
wavelength is not in the range 900–1,600 nm. These results clearly
suggest that the wavelength critical for the PSV effect lies in the
range 1,600–2,000 nm.

In addition, the data obtained using the LED lamp and the
695-nm long-pass filter also confirm that the PSV effect is not
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Figure 4 | Measurements using di�erent light sources and optical filters. a, Optical transmission values of five samples. b, Voltages obtained using
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used either separately or together. The table in e presents the measured voltages for the four filter configurations shown. f, Data of another two filters
shown in the same format as in e.

associated with the excitations in the YIG. This statement is based
on the facts that YIG films have a bandgap of about 2.8 eV (443 nm)
and light with λ< 443 nm can induce excitations in YIG films27.
If the PSV effect relies on the excitations in the YIG, one would
expect stronger voltage signals when the LED was used, because
the LED emits a higher intensity of light in the range λ< 443 nm
than the halogen bulb, as shown in Fig. 4c; one would also anticipate
no measurable signals when the 695-nm long-pass filter was used,
because the filter shows no transmission in the λ<695 nm range.

On the basis of the experimental observations, it is believed
that the PSV effect results from the photon-driven, spin-dependent
excitation of electrons in Pt atoms that are in close proximity
to the MI. More explicitly, this effect involves physical processes
which are sketched in Fig. 5a and can be explained through density
function theory (DFT) calculations for optical absorption28 and spin
diffusion analyses. Details on the calculations are provided in the
Supplementary Information. The main microscopic processes are
described below.

First, when light illuminates the Pt/MI structure, photons with
an appropriate energy excite electrons in the occupied bands in the
Pt to the unoccupied bands, as indicated by the left vertical arrow in
the top diagram in Fig. 5a and the two vertical arrows in Fig. 5b.

Second, in paramagnetic Pt atomic layers, the light-induced
excitation is expected to have the same efficiency for electrons in
the two spin channels. However, the excitation is spin dependent
for Pt atoms in close proximity to the MI (the gridded region
in Pt in Fig. 5a), because those atoms are spin polarized and
show ferromagnetic-like behaviour10,29–31. In other words, there are
proximity-induced magnetic moments in the Pt atomic layers near
the interface, and the presence of these moments gives rise to a
difference in the excitation efficiency for electrons in the two spin
channels. In fact, the DFT calculations indicate that the excitation of
spin-down electrons is more efficient than that of spin-up electrons,
as shown in Fig. 5c. The excitation process sketched in the top
diagram in Fig. 5a is consistent with this result.

Third, the diffusion of the excited electrons and holes in the Pt
from the ferromagnetic region to the paramagnetic region gives
rise to spin currents Je and Jh, respectively, as shown in the top
diagram in Fig. 5a. At a first glance, there is no net spin flow because
the electrons and holes carry exactly opposite spins. In practice,
however, the holes in the occupied bands have lower energy, and
thereby a longer spin mean free path than the electrons in the
unoccupied bands. This difference results in a much larger spin
current for the holes than for the electrons, and thus a net spin
current Jnet= Je− Jh, as shown in Fig. 5d. The configuration shown
in Fig. 5a corresponds to a net spin current that has a polarization
alongM, which is consistent with the spin flows depicted in Fig. 2a.

The above interpretation is qualitative in the sense that there is
no clear boundary between the ferromagnetic and paramagnetic
regions in the Pt. Nevertheless, the interpretation captures the
essence of the physical process of the PSV effect and is supported
by the experiments, as explained below.

First, because the PSV effect relies on the excitations in the Pt,
not in the MI, one can expect similar voltage signals from samples
made of different MIs. This expectation is met by the data shown
in Fig. 3 which were obtained with four samples with very different
MIs. One can also expect the absence of the PSV effect in samples
where the Pt layer is replaced by other normal metals supporting
no spin-dependent electron excitations. In fact,measurements using
Cu/YIG and Cu/BaM yielded no notable PSV signals when1Tt and
1Tl were comparable to those cited above.When1Tl was relatively
large, we did observe voltage signals, which, however, changed with
time in the same manner as1Tl, as shown in Fig. 6a. These signals
resulted from the Seebeck effect19.

Second, the sign of the spin voltage at the interface depends on
themagnetic ordering in the Pt atomic layers in proximity to theMI,
whereas the latter is induced byM in the MI29–31. For this reason, it
is expected that a rotation of M in the MI will result in a change
in the polarization of the spin current in the Pt, and the absence
of the MI will give rise to no PSV signals. The first expectation is

4

© 2016 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

http://dx.doi.org/10.1038/nphys3738
www.nature.com/naturephysics


NATURE PHYSICS DOI: 10.1038/NPHYS3738 ARTICLES

−10

−8

−6

−4

−2

0

2

4

E 
− 
E F

 (e
V

)

W L Γ X W K

mPt = 0.2 Bμ

0 1 2 3
−5

−4

−3

−2

−1

0

1

Photon energy (eV)
0.0 0.5 1.0 1.5 2.0 2.5

−1.0

−0.5

0.0

0.5

1.0

Sp
in

 c
ur

re
nt

 d
en

si
ty

 (a
.u

.)

Distance, z (nm)

c

z

Excitation 

Diffusion (Je)

Diffusion (Jh)

E

Light

MI Pt

H

a b

d

0

Je

Jh

Jnet = Je − Jh

↑″
 −

 
↓″

ε
ε

Figure 5 | Theoretical interpretation. a, Sketch of the physical mechanism underlying the PSV e�ect. When the light illuminates the sample, photons excite
electrons and generate non-equilibrium hot electrons and holes in the Pt atomic layers that are in proximity to the MI (the gridded region). The excited
electrons and holes di�use from the Pt/MI interface to the Pt surface (along the+z direction), giving rise to spin currents (Je and Jh). b, Band structure of
Pt calculated using DFT with spin–orbit coupling in the presence of a magnetic moment of 0.2µB per atom (where µB is the Bohr magneton). c, Calculated
di�erence between the imaginary parts of dielectric functions for the spin-up and spin-down channels. d, Spatial distributions of spin currents carried by
hot electrons and holes. For the calculations, the Pt thickness was chosen to be 2.5 nm, and the spin mean free paths for the hot electrons and holes in the
Pt film were chosen to be 0.5 nm and 5.0 nm, respectively.

0 200 400 600

0.0

0.2

0.4

0.6

Vo
lta

ge
 (μ

V
)

Time (s)

0.0

0.4

0.8

1.2

1.6

0 200 400 600

0.0

0.4

0.8

1.2 Field angle

Vo
lta

ge
 (μ

V
)

Vo
lta

ge
 (μ

V
)

Time (s)

180°
90°
270°

a b

10 20 30 40 50

0.0

0.5

1.0
14 cm
19 cm

24 cm

29 cm

Time (s)

c 

ΔT
length  (°C)

Figure 6 | Control measurements. a, Voltage (curve) and temperature (dots) signals measured across the length of a 20-mm-long, 1.75-mm-wide
Cu(16 nm)/YIG(36 µm)/GGG(0.4 mm) sample with M along the+y direction. b, Voltage signals obtained for three di�erent field orientations from a
21-mm-long, 1.7-mm-wide Pt(8.5 nm)/GGG(0.5 mm) sample. c, Voltage responses for di�erent light-to-sample distances obtained with a 18-mm-long,
1.65-mm-wide Pt(2.6 nm)/Ga-doped-YIG(78 µm)/GGG(0.4 mm) sample with M along the+y direction. All the data were obtained using a 100-W
halogen light bulb placed above the Cu or Pt side of the sample. For the data in a,b, the bulb was 10 cm away from the sample and was turned on at 100 s
and o� at 400 s. For the data in c, the bulb was turned on at 20 s and o� at 40 s. The electrode separation was about 3.8 mm for all the measurements.

clearly shown by the dependence on the M orientation shown in
Figs 2b and 3a,b. The second is proved bymeasurements on Pt/GGG
samples. When 1Tl in Pt/GGG was relatively large, we observed
only Seebeck-effect-produced voltage signals19, which changed with
time in the samemanner as1Tl, and showed no dependence on the
field direction, as shown in Fig. 6b.

Third, the excitation processes in the Pt should be independent
of the direction of light illumination, which is consistent with the
experimental observations for different light configurations shown
in Figs 2c and 3a,b. This expectation is further confirmed by the data
shown in Supplementary Fig. 4. The processes, however, depend on
the light intensity, which is clearly indicated by the data in Fig. 6c as
well as by the fact, shown in Fig. 3, that the voltage signal measured

for light illuminating both sides of a sample is equal to the sum of
the signals for light illuminating one side of the sample.

Fourth, the theoretical results in Fig. 5c suggest that the PSV
effect is strong in a relatively narrow wavelength region centred
at about 0.7 eV. This agrees with the above-discussed experimental
observations that the PSV effect depends only on a relatively narrow
light wavelength range, and such wavelengths are most likely within
the range 1,600–2,000 nm.

Last, besides the above-discussed qualitative agreements, there
are also quantitative agreements between the experimental and
theoretical results, as shown in Supplementary Fig. 1.

The PSV effect presented here differs from the phenomena of
light-induced generation of spin currents reported previously32–43,
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as explained below. First, the effects demonstrated in refs 32–38
occur in semiconductors only, not in normal metals. Furthermore,
except for the case in ref. 38 they also require the use of polarized
light. Second, the spin current generation presented in ref. 43
relies on the excitation of surface plasmon resonances. Finally,
the effects reported in refs 39–42 made use of light to create a
temperature gradient and the SSE to produce spin currents. In
this case, the PSV effect and the SSE might coexist, as shown in
Supplementary Fig. 4.

It is expected that the PSV effect should also occur in other
normal metals that exhibit the magnetic proximity effect and
strong spin–orbit coupling, including Pd44,45, W46 and Ir46, as well
as topological insulators47. Future work demonstrating the PSV
effect in such materials would be of great interest. One can also
expect that the PSV effect may open a door to new optical-
spintronic applications, including light-based spin batteries, sensing
orientations of magnetic moments or fields, and converting light
energy to electricity.

Received 28 July 2015; accepted 22 March 2016;
published online 25 April 2016
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