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a b s t r a c t   

The advanced spintronic devices demand a new routine of manipulating spin states effectively with low 
power consumption, fast switching, and non-volatility. Here, a photovoltaic heterojunction structure of (Cu, 
Ta)/Co40Fe40B20/(Ta, Cu) on a p-n junction Si wafer is proposed. The saturation magnetizations (Ms) tun-
ability under sunlight illumination is decreased by ∼5–8 %. The first principle calculations reveal that the 
insert Cu or Ta layer promoted the photoelectron transmission, leading to a larger Ms tunability. Moreover, 
the Ta layer also generates a barrier between the p-n junction and CoFeB to keep the photoelectrons in the 
CoFeB layer, creating a non-volatility and sunlight/electrical dual-regulated tri-state magnetization change. 
Element-resolved X-ray magnetic circular dichroism (XMCD) measurement is also performed to determine 
the diminished intrinsic magnetism and corresponding non-volatility during sunlight illumination. These 
fundings explore a new method of magnetic modulation further to expand the non-volatile, low-power 
sunlight-driven spintronics. 

© 2022 Elsevier Ltd. All rights reserved.    

Introduction 

Spintronics play a key role in memory and logic applications. The 
spintronic application is usually energy-efficient compared with 
electronic devices because alternating spin states are easier than 
moving electrons.[1–9] The increasing demand for pursuing energy- 
saving and high-efficient spintronic devices drives researchers to 
improve spin-manipulation methods. Traditionally, spins are tuned 
by the magnetic field; however, realizing localized magnetic fields 
requires bulky, energy-inefficient, noisy, vulnerable magnetic heads. 
[10–13] The spin-polarized current, easily incorporated in integrated 
circuits, is also developed to regulate the spin condition.[1,14–17] 

Nevertheless, the current-driven spintronics still suffer from Joule- 
heating problems, leading to high energy consumption, small sto-
rage density, and limited processing speed.[18,19] In the recent 
decade, voltage control of magnetism in ferromagnetic/ferroelectric 
composites has been extensively discussed due to their low energy 
consumption,[20–24] while many issues are still waiting to be 
solved for real applications. For instance, the strain-mediated mag-
netoelectric (ME) heterostructures have high operation voltage, 
substrate clamping effect, hard-to-integrate issues.[25,26] Mean-
while, the interfacial charge-mediated ME effect is relatively slow 
and corrosive, limiting their applications to integrated circuit chips 
(ICs) [27]. 

Light is essentially electromagnetic waves; therefore, controlling 
spins directly by light is the dream goal of researchers. Moreover, 
solar energy is renewable, completely clean, environmentally 
friendly, and abundant in nature. Efficiently utilizing solar power is 
crucial for the energy crisis. For example, sunlight controllable 
spintronics may be candidates for future spintronics because of their 
energy-efficient advantage and other benefits. Nowadays, laser or 
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polarized light control of spins is investigated [28–38], while light- 
spin coupling efficiency is still low due to the intrinsic frequency 
mismatch between spin and laser light. We recently developed a 
sunlight control of interfacial magnetism in optical-magneto-electric 
tri-coupled ferromagnetic/photovoltaic heterostructure.[39] Mag-
netism is effectively manipulated by regulating the d orbital and 
introducing photoelectrons. Further on, enhancing the sunlight 
tunability and create non-volatility of photovoltaic/ferromagnetic 
heterostructures is substantial for real sunlight-driven spintronic 
devices, particularly memories. 

This work fabricated ferromagnetic (CoFeB, 1.5 nm)/interlayer/ 
photovoltaic (p-n junction Si) heterostructures. We inserted an in-
terlayer (Ta, Cu) between ferromagnetic and photovoltaic layers to 
study the behavior of sunlight controlling interfacial magnetism. 
Under 1.4 sunlight intensities of illumination, the saturation mag-
netization (Ms) was reduced by 8.3 % and 7.6 % in the Ta inserted 
heterostructure and the Cu inserted heterostructure, respectively. In 
Cu inserted heterostructure, the Ms can be tuned reversibly with 
enhanced tunability. More interestingly, the Ms did not return to its 
initial position after closing the sunlight in Ta inserted hetero-
structure, indicating an apparent non-volatile behavior. The first- 
principles calculation was conducted to reveal the photo-induced 
electron movement and corresponding ferromagnetic changes 
during sunlight illumination. The Cu promoted the photoelectron 
transmission toward the CoFeB layer, leading to a larger Ms tunability 
due to more d orbital occupation in Cu inserted heterostructures. 
Meanwhile, the Ta also promoted photoelectron transmission and 
generated a potential barrier at the CoFeB/Ta interface to keep some 
photoelectrons in the CoFeB layer, creating a non-volatile magneti-
zation switching. We then applied a small voltage (1 mV) on the Ta/ 
CoFeB layer. The Ms was restored to its initial position, confirming 
our calculation and leading to switching from sunlight/electric dual- 
controllable tri-state magnetization. In addition, Element-resolved 
X-ray circular dichroism (XMCD) measurement was carried out to 
prove the change of intrinsic magnetism and the non-volatility 
during sunlight illumination. Our finding provides an alternative 
method of sunlight control of magnetism with non-volatility and 
paves a way toward energy-efficient sunlight tunable non-volatile 
spintronics devices like memories. 

Results and discussion 

The schematic of the photovoltaic spintronic heterostructure is 
shown in Fig. 1a. The p-n Si substrate is utilized as a visible light 
respond layer to generate the photo-induced electrons according to 
our previous work,[44] on which two different interlayered (Cu, Ta) 
(2 nm)/CoFeB (1.5 nm)/(Ta, Cu) (2 nm) heterostructures were de-
posited. And I-V curves of p-n Si and p-n Si/Ta(or Cu)/CoFeB are also 
available respectively in Fig. S14 to evidence the generation of 
photo-induced electrons. The cross-section image of heterojunction 
is shown in Fig. 1b, showing clear boundaries of each layer. Figs. 1c 
and 1d summarize the sunlight-induced Ms changes of Cu and Ta 
inserted heterostructures, respectively. In Cu-inserted hetero-
structure, the Ms decreased from 1691 emu cm−3 to 1647 emu cm−3 

and 1562 emu cm−3 under 60 mW cm−2 (0.6 sun) and 140 mW cm−2 

(1.4 sun) sunlight illumination, correspondingly. In Ta-inserted het-
erostructure, the Ms decreased from 1680 emu cm−3 to 1590 emu 
cm−3 and 1540 emu cm−3 with 0.6 sun and 1.4 sun illumination, ac-
cordingly. Our results show that the photo-induced electrons (PIEs) 
are excited in the p-n junction, transferred to the magnetic layer 
(CoFeB), filling D-orbits and leading to the magnetism change [39]. 

Here, we define the Ms change ratio as 
=M M M(s s dark s illumination, , ) / Ms dark, . In Fig. 1e, the Ms of Cu-in-

serted heterostructure decreases by 2.6 % and 7.6 % under 0.6 sun 
and 1.4 sun illumination, respectively. Compared with our previous 
results, the Ms regulation is significantly enhanced due to the more 

absorbed photon [39] The increase of Ms tunability was also realized 
in Ta-inserted one, where 0.6 and 1.4 sun illumination induced 5.3 % 
and 8.3 % Ms. We also confirm the Ms variation of similar hetero-
structures is negligible on ordinary Si without p-n junction, ex-
cluding the thermal effect (Fig. S1 in Supporting Information). The 
ferromagnetic resonance shifts of Cu and Ta inserted samples under 
sunlight illumination were measured by electron spin-resonance 
(ESR) method and summarized in Fig. S3, confirming the Ms change 
from another respective. Interestingly, sunlight control of mag-
netism of Cu-inserted heterostructure has good reversibility (Fig. 1e). 
However, the Ms switching of the Ta-inserted sample is non-volatile; 
in other words, the Ms did not restore to its initial state after sunlight 
illumination, as shown in Fig. 1f. For sunlight-driven spintronics 
devices, non-volatility is crucial in data storage, enabling low-power 
consumption and the efficient use of sunlight. 

Figs. 2 and 3 show the sunlight-induced Ms switching of the Cu- 
inserted and Ta-inserted heterostructure, respectively. An external 
magnetic field at 1 T was applied to stabilize the Ms in both cases. 
Then, the relationship between magnetization and time (M-T) is 
carried out under different sunlight illumination sequences, as 
shown in Figs. 2a, 3a. Firstly, we tested the stability of Ms in Cu- 
inserted heterostructure under various sunlight illumination, con-
firming that the photovoltaic effect is stable for the M-T investiga-
tion. In addition, the Ms was switched back and forth with the 1.4 
sun illumination turned on and off, generating a sunlight con-
trollable magnetic bi-state switching and enabling a “0” and “1” data 
bit for future sunlight tunable memories. Fig. 2c discusses the de-
tailed photovoltaic control of the interfacial magnetism process. The 
unexcited electrons are distributed in the p-n Si substrate at the 
initial state (dark). When the p-n junction is in light soaking, the 
photos could be absorbed and generated by electron-hole pairs 
(EHPs). Then the EHPs are immediately separated as the electrons 
and holes. The photoelectrons flow into the n region and then mi-
grated to the CoFeB layer through Cu under the p-n junction driving 
force (State I). At state II, the driving force of carrier migration dis-
appears after the light is turned off, making the electrons and holes 
recombine and quench. 

Nevertheless, full reversibility is not good enough for photo-
voltaic spintronic devices, particularly memories with non-volati-
lity. To establish non-volatility, we need to keep the generated 
photoelectrons within the magnetic layer, maintaining the Ms

change after sunlight illumination. One promising way is to create a 
potential barrier between the ferromagnetic layer and the p-n Si, 
preventing the photoelectrons from returning to p-n Si and re-
combine with holes after light illumination. Here, in Ta inserted 
heterostructures, the M-T switching curves were also measured, 
showing good stability and two magnetic states (light and dark) 
with and without sunlight in Fig. 3a, respectively. Unlike the Cu 
inserted ones, the Ms did not return to the dark state after sunlight 
illumination, creating a third state with Ms value between dark and 
light states. We then applied a small voltage (1 mV), the Ms returns 
to its initial position, proving our hypothesis that the photoelec-
trons can be stored in the ferromagnetic layer and manipulated by 
an external electric field. Fig. 3c represents the three states of Ta 
inserted heterostructure. At state I, the photoelectrons migrated to 
the CoFeB layer through Ta under the p-n junction driving force, 
similar to the state I of Cu inserted heterostructures. At state II 
without light illumination, the driving force disappears, allowing 
some electrons to recombine with holes. Unlike the Cu layer case, 
there are still many photoelectrons that stay in the CoFeB layer. In- 
state III, the external voltage drives the remaining electrons to 
move back to the p-n Si, and the Ms value restores to state I. In 
short, we realized a magnetic tri-states switching that can be 
controlled by both optical- and electric fields. Similarly, the obvious 
non-volatility in p-n Si/Ta/CoFeB/Cu and nice reversibility in p-n Si/ 
Cu/CoFeB/Ta by measuring resistance are observed in Fig. S13, and 
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it is evident that inserted Ta layer can block the parts of electrons 
back with light off. On the other hand, we can see that the re-
sistance changes of p-n Si/Ta/CoFeB/Cu and p-n Si/Cu/CoFeB/Ta by 
thermal effect can be almost ignored compared with the changes 
under light illumination. It suggests that the resistance shifts of p-n 
Si/Ta/CoFeB/Cu and p-n Si/Cu/CoFeB/Ta primarily attributes to the 
injection of PIEs under light illumination. And it is consistent with 
our control experiments on Si/Ta/CoFeB/Cu and Si/Cu/CoFeB/Ta in 
VSM method. Therefore, the method of measuring resistance is 
another strong evidence for illustrating the non-volatility for 
memory application by inserting the Ta film to be the buffer layer 

between photovoltaic film (p-n Si wafer) and ferromagnetic film 
(CoFeB). 

Element-resolved X-ray magnetic circular dichroism (XMCD) 
measurement was performed to reveal the change of intrinsic 
magnetism with sun illumination. The X-ray absorption spectra 
(XAS) at the Co edge were measured with the sample at normal 
incidence of circular x-ray and CoFeB magnetization aligned par-
allel or antiparallel to the incidence direction of x-ray, as shown in  
Fig. 4(a). Fig. 4(c)-(e) show the XMCD intensity at Co L3 edge de-
creases from ∼11.5 % to ∼5.4 % after sun illumination and stabilizes 
at ∼4.1 % after removing the sun illumination, while the XMCD 

Fig. 1. Schematic diagram of structure and change of Ms. (a) Heterojunction structure schematics of photovoltaic spintronic devices. (b) The TEM images of photovoltaic 
heterojunction structure. (c) VSM of Cu-inserted heterostructure with different conditions. (Dark, 0.6 sun illumination, 1.4 sun illumination and After illumination) (d) VSM of Ta- 
inserted heterostructure with different conditions. (Dark, 0.6 sun, 1.4 sun and After illumination) (e) Ms of p-n Si/Cu/CoFeB/Ta, p-n Si/CoFeB and Si/Cu/CoFeB/Ta with different 
conditions, respectively. (Dark, 0.6 sun, 1.4 sun and After illumination) (f) Ms of p-n Si/Ta/CoFeB/Cu, p-n Si/CoFeB and Si/Ta/CoFeB/Cu with different conditions, respectively. (Dark, 
0.6 sun, 1.4 sun, and After illumination). 
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intensity at Co L2 edge changes from ∼3.6 % to ∼5.0 % after sun 
illumination, and stabilizes at ∼3.0 % after removing the sun il-
lumination. The obvious drop of XMCD intensity at Co L3 edge 
suggests the decrease of magnetism after sun illumination and the 
non-volatile change of magnetism after removal of illumination in 
the CoFeB layer. The slight increase of XMCD intensity at Co L2 

edge after sun illumination suggests the redistribution of the or-
bital moment and spin moment to CoFeB magnetization. Ac-
cording to the sum rule,[40] the orbital and spin magnetic 
moments can be determined after considering the ∼50 % degree of 
circular x-ray polarization and 7.51 for electron occupation 
number of Co. The spin moment dropped from 0.514 μB/atom to 
0.456 μB/atom after sun illumination and 0.232 μB/atom without 
illumination, while the orbital moment dropped from 0.097 μB/ 
atom to almost zero ∼0.003 μB/atom after sun illumination and 
0.0065 μB/atom without illumination. The result further demon-
strates the non-volatile control of magnetism with sun illumina-
tion. In addition, X-ray circular XMCD dichroism measurement in 
hetero-structure of p-n Si/Cu/CoFeB/Ta is shown in Fig. S12, sug-
gesting the magnetism of CoFeB could recover to its unilluminated 
state. 

The external charge could change the magnetism significantly in 
conventional ferromagnetic materials [39,41–43]. It is not surprising 
that the photoelectrons induced by the illumination on p-n Si can get 
into the magnetic layer and decrease the magnetic moments in the 
CoFeB, accordingly. However, from the above discussion, the in-
serting layers of Cu and Ta show quite a different feature on the 
behavior of the reproducible tests, where inserting Ta changes the 
magnetic moments of the CoFeB layer non-volatilely when turning 
off the sunlight. The first principle calculations are carried out using 
the VASP package to reveal the underlying physics of the above 
phenomenon qualitatively. The inserting Ta or Cu layers are the keys, 
and the magnetic layer should be less important, so we use CoFe 
instead of CoFeB for simplicity. 

We first set up Ta/CoFe and Cu/CoFe multilayers as shown in  
Fig. 5(a1) and (a2), respectively, and calculate their corresponding 
charge density ne at equilibrium state. After that, 100 extra electrons 
are introduced into the system to simulate the photoelectrons from 
p-n Si, therefore the charge density under sunlight nph can be ob-
tained accordingly. In this way, charge density difference 

=n n nph e will show the location of photoelectrons. Fig. 5(b1) 
and (b2) plot the typical sections of the corresponding distributions 

Fig. 2. Stability, mechanism diagram and cycling characteristic of p-n Si/Cu/CoFeB/Ta structure. (a) Stability in magnetization – Time (M-T) test of Cu-inserted heterostructure 
under magnetic field (H-field) 10,000 Oe by VSM under different conditions. (b) The mechanism diagram of Initial State, State I, and State II represents Cu-inserted heterostructure 
before, during, and after light illumination, respectively. (c) Cycling characteristic of the M-T in the photovoltaic control of Cu-inserted heterostructure with Initial State, State I, 
and State II, respectively. 
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of n in the whole system. The photoelectrons are mainly localized 
around Co or Fe atoms in Ta/CoFe, but more free electrons are dis-
tributed at the Cu side (broadened yellow color) in Cu/CoFe. On top 
of the above results, we can conclude that the Ta is more “photo-
electron repellent” than Cu when constructing magnetic multilayers 
with CoFe. This can be understood by the energy levels of the cor-
responding atoms. If the electrons diffuse to the magnetic multi-
layers, we know that they will first try to fill the unoccupied bands of 
the system: the localized 5d of Ta, 3d of CoFe, and the free 4 s of Cu, 
as shown in Fig. 5(c). When the p-n Si/Ta/CoFe/Cu and p-n Si/Cu/ 
CoFe/Ta hetero-structures are in the light soaking, respectively, the 
p-n Si wafer can be excited to generate the PIEs. The PIEs are then 
injected into CoFeB for charge separation through the inserted layer 
(Ta or Cu) under enough driving force. It comes from the built-in 
electric field, which originated from the potential difference be-
tween n region and p region under constant illumination. In both Ta/ 
CoFeB and Cu/CoFeB, the energy barrier of 4 s in Cu and 5d in Ta can 
be overcome to make the PIEs transfer. The Ms of CoFeB is finally 

depressed under illumination due to that the 3d band of CoFeB is 
occupied by PIEs. It is consistent with our previous work.[44] When 
turning off the sunlight, the recombination of PIEs is dominated, and 
there is not enough driving force. However, the PIEs will be partially 
blocked due to the higher energy level of the 5d band of Ta. In this 
sense, the remaining PIEs inside the CoFeB layer still depress the 
corresponding Ms, and the non-volatile behavior of Ms is then 
achieved in p-n Si/Ta/CoFeB/Cu hetero-structures when turning off 
the sunlight Similarly, the sample used Ru with 4d, and 5 s orbitals 
as the interlayer in p-n Si/Ru/CoFeB/Cu heterojunction was also in-
vestigated. As shown in Fig. S6, 17.8 % of magnetization variation is 
observed under 1.4 sun illumination, and it also exhibits the same 
non-volatile behavior after illumination. These Ru results provide 
additional proof of our theoretical explanation to support our ex-
perimental phenomenon, making the photoelectrons hold much 
longer time in CoFe and thus end up with the non-volatile behavior 
of the photovoltaic spintronics device by inserting Ta layer with the 
higher energy level of orbitals. 

Fig. 3. Stability, mechanism diagram and cycling characteristic of p-n Si/Ta/CoFeB/Cu structure. (a) Stability in magnetization – Time (M-T) test of Ta-inserted heterostructure 
under magnetic field (H field) 10,000 Oe by VSM under different conditions. (b) Themechanism diagram of Initial State, State I, State II, and State III represents the Ta-inserted 
heterostructure before light illumination, during the light illumination, after light illumination, an applied voltage of 1 mV, respectively. (c) Cycling characteristic of the M-T in the 
photovoltaic control of Ta-inserted heterostructure with Initial State, State I, State II, and State III, respectively. 
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Conclusion 

In summary, the photovoltaic heterostructures of p-n Si/Cu/ 
CoFeB/Ta and p-n Si/Ta/CoFeB/Cu were studied in our experiment. 
The saturated magnetization of Cu and Ta inserted heterojunctions 
are tuned by 7.6 % and 8.3 % under 1.4 sun illumination, respectively. 

The Cu inserted heterojunction exhibits good reversibility, while the 
Ta inserted heterojunction creates a non-volatility. The first-princi-
ples calculations reveal that both Cu and Ta layers promote photo-
electron transmission and enhance optical-magneto-electric 
tunability. Most importantly, the Ta creates a potential barrier at the 
Ta/CoFeB interface to block the photoelectrons and generates a 

Fig. 4. X-ray magnetic circular dichroism (XMCD) measurement. (a) Schematic drawing of the X-ray magnetic circular dichroism (XMCD) measurement. (b) X-ray absorption 
spectra (XAS) at Co edge from CoFeB at normal incidence of X-ray. The pink and navy lines represent the XAS with magnetization parallel and antiparallel to the circular x-ray, 
respectively. The XMCD of CoFeB (c) before illumination, (d) with sun illumination, and (e) after removal of sun illumination. 

Fig. 5. First-principles calculations for non-volatile engineering. The calculated charge density difference =n n nph e, where, ne is the charge density of the equilibrium state 
and nph represents the charge density when introducing photoelectrons. (a1) and (a2) illustrate the sketch model of the calculated systems of Ta=CoFe, and Cu=CoFe multilayers, 
respectively. (b1) and (b2) are the distributions of n of the typical sections with the color bar above. (c) shows the energy levels of the elements in the system, accordingly. Here, 
Fe is omitted as it is only one electron different from Co. 
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sunlight/electric dual controllable magnetic tri-state, which may 
open a door towards low-power, sunlight-driven spintronics devices 
with non-volatile memory functionality. 

Experimental section 

Fabrication and characterization of the photovoltaic spintronic device 

The device diagram of photovoltaic spintronics is p-n Si/Cu 
(2 nm)/Co40Fe40B20 (1.5 nm)/Ta (2 nm) and p-n Si/Ta (2 nm)/ 
Co40Fe40B20 (1.5 nm)/Cu (2 nm). The Ta, Cu, and CoFeB films were all 
deposited by a DC magnetron sputtering under vacuum (9 ×10−8 

Torr) at room temperature. The film thickness was controlled with 
quartz crystal microbalance integrated into the magnetron sput-
tering system in the coating process. No further in situ annealing 
was carried out. The Si wafers with p-n junction were purchased 
from Shunsheng electronic technology co. LTD (China) and used as 
photo absorption media. The epitaxial n type layer (thickness of 
10 µm, resistance < 0.02 Ω cm) is fabricated onto the p type Si sub-
strate (thickness of 525 µm, resistance of 4–5 Ω cm) to form the p-n 
junction Si wafer. 

The in situ measurement of magnetic properties 

In situ magnetic anisotropy modification was carried out in VSM 
(Lakeshore 7404) and in the ESR spectra (JES-FA200, JEOL RESONA-
NCE Inc.), the rotator of which can show the angle between the film 
plane and the applied magnetic field. The TE 011 mode microwave 
power by the microwave unit was 9200 MHz. Devices were illumi-
nated under AM 1.5 G (100 mW cm−2) using a PL-XQ500W Xenon 
lamp solar simulator. The standard intensity of sunlight illumination 
is 100 mW cm−2 (1 sun). 

X-ray magnetic circular dichroism (XMCD) measurement 

The XMCD measurement was conducted at the “XMCD-a” 
beamline of the National Synchrotron Radiation Laboratory (NSRL) 
in China. The intensity of X-ray absorption spectra was recorded in 
total electron yield. In the XMCD measurement, we applied a mag-
netic field of 1000 Oe along the normal direction of the sample, 
which is large enough to saturate the magnetization of the CoFeB 
layer. 
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