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Recently, the study of interactions between electron spins and heat currents has given rise to the

field of “Spin Caloritronics”. Experimental studies of these interactions have shown a possibility to

combine the use of heat and light to power magnetic tunnel junction (MTJ) devices. Here we

present a careful study of an MTJ device on Si substrate that can be powered entirely by light. We

analyze the influence of the material properties, device geometry, and laser characteristics on the

electric response of the sample. We demonstrate that by engineering the MTJ and its electrical

contact, a large photovoltage reaching 100 mV can be generated. This voltage originates from the

Si substrate and depends on the MTJ magnetic configuration. Finally, we discuss the origin of the

photo-voltage in terms of Seebeck and photovoltaic effects. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939966]

I. INTRODUCTION

Devices built from thin ferromagnetic and non-magnetic

layers such as MTJs1–3 opened a new field called spin-

tronics.4,5 MTJs are now used for a wide variety of applica-

tions, such as Magnetic Random Access Memories

(MRAM),6,7 Magnetic Logic,8,9 Magnetic Sensors,10 and,

more recently, Memristors.11 MTJs are made of an insulating

barrier between two layers; a free layer and a fixed layer.

The free magnetic layer has a magnetization orientation that

can easily follow an external field, while the fixed magnetic

layer is insensitive to small applied field on the magnitude of

the operation of the device. These devices are based on the

principle that two different magnetic states (P and AP states

corresponding, respectively, to a Parallel or an Anti-Parallel

orientation of the two magnetic layers) generate two differ-

ent resistances (RP and RAP). The devices are useful as

Tunnel Magneto-Resistance (TMR ¼ ðRAP � RPÞ=RP) can

now reach more than 600% in CoFeB/MgO/CoFeB MTJ

devices at room temperature.12 In MRAM devices, the infor-

mation is read by measuring the resistance via an applied

current, while the information is written by a separate

current-driven external magnetic field. Due to the inefficien-

cies inherent in generating these external fields, many efforts

are made to manipulate the magnetization by other means.

In order to increase device speed and decrease energy con-

sumption, a new method of magnetization manipulation is

needed. It has already been demonstrated that an injected

polarized current can very efficiently switch the magnetiza-

tion of a free layer thanks to the Spin Transfer Torque (STT)

effect.13,14 This has led to the concept of STT-MRAM.15

Other effects like electric field16,17 and strain have also been

investigated.18 More recently, optical manipulation of mag-

netic materials compatible with spintronic devices has been

demonstrated by the use of 100 fs polarized laser pulses.19–21

This possibility of optically manipulated magnetization

could soon be used in the magnetorecording industry.21 If

light can be used to change magnetization orientation and

thus write information, it is now interesting to know if light

can also be used to read the stored information without any

current injection. Recently it has also been shown that spin

injection is possible with unpolarized light by means of spin

solar cell and spin photodiode effect.22,23 This offers an

exciting possibility of both optical manipulation and reading

of the information in MTJ devices.

In this paper we demonstrate that by engineering an MTJ

and its electrical contact, a large photovoltage reaching

100 mV can be generated. This voltage originates from the Si

substrate and depends on the MTJ magnetic configuration.

First, the baseline behavior of the MTJ device is characterized

by measuring its conventional tunneling magnetoresistance

(TMR), as an external electric source is powering the device.

Then we measured the generated voltage across the MTJs in

the absence of an external electrical power source but under

illuminated power. Three measurements of illumination have

been done: (1) as a continuous laser is illuminating the device,

which will be referred to as DC measurement, (2) as the laser

intensity is modulated at a given frequency while the voltage

is measured synchronously, which will be referred to as AC

measurement, and (3) as a function of time after a single light

pulse (typically 20 ns). The effect of light on this MTJ grown

on silicon substrate can then be modelled by a well character-

ized equivalent electrical circuit. In this general context, light

has two effects: it transfers heat that can generate temperature

gradients and create thermo-voltages (Seebeck effect) and it

generates a photo-current through the photovoltaic effect in

the semiconductor substrates. All measurements were per-

formed at room temperature.

The MTJs that were studied are (Si substrate p-low dop-

ing (20 kX cm)/Ta(5 nm)/Co(10 nm)/IrMn(7.5 nm)/Co(5 nm)/

a)Author to whom correspondence should be addressed. Electronic mail:
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Al2O3(2 nm)/Co(10 nm)/Pt(5 nm)). Then two types of device

geometries were processed as sketched in Figures 1(c) and

1(d). One called “No Contact” is a “conventional” design

where the top lead is insulated from the substrate by a

150 nm SiO2 thick insulating layer (Fig. 1(c)). The second

one is called “Contact” where a direct metallic Ta/Au con-

nection from the top lead to the substrate completes the elec-

trical circuit including the MTJ in parallel with the substrate

(Fig. 1(d)). The size of the junction pillar is 20� 20 lm2 and

in the case of the contact geometry the metallic connection is

760� 760 or 20� 20 lm2.

II. AC/DC PHOTO-VOLTAGE ON MAGNETIC TUNNEL
JUNCTION

Figure 1 and its subfigures show the evolution of the

two systems (“Contact” and “No Contact”) under different

perturbations. Figures 1(a) and 1(b) show the evolution of

the resistance under swept magnetic field. Figures 1(e) and

1(f) show the DC photo-voltage generated when a laser

diode is shining at the sample from 5 mm above the tunnel

junction.

It is important to first note that the TMR signal (Figs. 1(a)

and 1(b)) is not affected by the device geometry (“Contact” or

“No Contact”). In the “Contact” geometry, the resistance of

the MTJ in the P and AP states is small compared with the re-

sistance of the parallel branch that includes the substrate and

contact resistances. Equivalent circuits are sketched in Figures

1(g) and 1(h). Moreover, the contact resistance between the

substrate and metallic contact includes a Schottky barrier (SB)

that will be examined later. Consequently, the TMR signal

cannot be used as an indication of “Contact” or “No Contact”
geometry. When the device is not powered by an electric

source but is illuminated by a laser diode from 5 mm above the

junction in the “No Contact” geometry, the measured DC volt-

age does not noticeably change with the magnetic field (Fig.

1(e)). Results of this measurement imply that there is no de-

tectable spin dependent voltage created across the studied

MTJ. This result is confirmed if the Si substrate is replaced by

an insulating glass substrate. However, in the case of the

“Contact” geometry, the DC measured voltage presents a mag-

netic hysteresis loop comparable with the TMR signal.

By replacing the voltmeter by an ammeter, a DC current

can also be measured. Figures 2(c) and 2(d) show the meas-

ured current as a function of external field for the “No
Contact” sample and “Contact” sample, respectively. The

current for “No Contact” sample is negligible and this is in

agreement with the voltage measurement presented in Figure

1(e). The current for the “Contact” sample reaches 7.4 lA and

is independent of the magnetic configuration. Several studies

have shown that hot electrons generated in a semiconductor

could give rise to effects such as hot electron spin-valve

effect.24–27 Note that hot electrons can only travel on short

distances (tens of nm),26 which is much smaller than the

dimensions of our system (hundreds of lm).

The situation is different when using square wave modu-

lated light. Figures 3(a) and 3(b) present the evolution of the

AC voltage as a function of the applied field for both geome-

tries. A significant AC voltage is observed for both “No
Contact” and “Contact” geometries, which depends on the

magnetic configuration of the MTJ. This is displayed in

FIG. 1. Presentation of two MTJs of multilayer stack: Ta(5 nm)/Co(10 nm)/

IrMn(7.5 nm)/Co(5 nm)/Al2O3(2 nm)/Co(10 nm)/Pt(5 nm)) grown on a Si

substrate in “No Contact” (left panel) and “Contact” (right panel) geome-

tries. (a) and (b) Resistance (R) of the devices as a function of the in-plane

applied field (H). A DC bias voltage of 10 mV was applied for the resistance

measurements. (c) and (d) Schematic of the devices in a DC voltage mea-

surement configuration. (e) and (f) DC voltage (V) measured as a function

of the in-plane applied field (H) as sketched in (c) and (d) when the MTJ is

illuminated by a laser (power 59 mW). (g) and (h) Schematic of the equiva-

lent circuits that correspond to the two geometries.

FIG. 2. DC current measurement in No Contact (left panel) and Contact
(right panel) geometries. (a) and (b) Schematic of the devices in the current

measurement configuration. DC current is measured when the MTJ is illumi-

nated by a laser (59 mW). (c) and (d) Current (I) as a function of magnetic

field (H) for the two geometries.
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Figures 3(a) and 3(b) (the laser diode illuminates the device

with a power of 5.4 mW and a frequency of 20 kHz and with-

out an external electric source to the device). The AC voltage

evolution with field is again comparable with the TMR sig-

nal, leading to a voltage difference between P and AP states

equal to 0.2 mV. This AC voltage amplitude between P and

AP states is also observed to vary strongly with the modula-

tion frequency of the light as shown in Figures 3(c) and 3(d).

When moving toward low frequency, the results are consist-

ent with those shown in Figures 1(e) and 1(f) while in the

“No Contact” geometry the voltage no longer depends on the

magnetic state.

Those behaviors can be evaluated by starting with an

equivalent circuit similar to the one of Figures 1(g) and 1(h)

but with the addition of two capacitors (Figs. 3(e) and 3(f)).

One capacitor originates from the SiO2 insulating layer

between the top lead and the substrate, and the other from

the tunneling barrier inside the MTJ. The experimental data

in Figures 3(c) and 3(d) can thus be fitted by adjusting the

values of the different resistances and capacitances. An

excellent agreement (Figs. 3(c) and 3(d)) is obtained using

the full equivalent circuit shown in Figure 4 and considering

the following parameters: the resistance of the MTJ (RMTJ),

the capacitance of the MTJ (CMTJ), resistance of the sub-

strate (RSi), the capacitance of SiO2 insulator that separates

the top lead and substrate (CSiO), the SB between bottom

lead and substrate (SB1), the internal current source of

Schottky barrier under laser (IPV), the voltage source due to

Seebeck effect (VSE), and the Schottky barrier in the case of

contact geometry (SB2). The values of those parameters

shown in Table I are obtained either from a direct measure-

ment, a simple calculation, or adjusted to be in agreement

with values from the literature.

As a preliminary conclusion it is clear that the light

interacting with our sample acts as an electric generator.

This can be considered without loss of generality as a Norton

or Thevenin generator located in the branch formed by the

contact and the substrate (Figs. 4 and 6(a)). Several experi-

mental studies reporting the effect of heat on MTJs have

been published recently.28–31 In Ref. 30 our group has

described the large measured voltage in terms of pure

Seebeck effect due to a temperature gradient across the tun-

nel barrier. Since the AC and DC voltages reported here

have similar characteristics as in Ref. 30 we believe that the

large effect could be the result of an experimental artifact.

Indeed, in the following we confirm that a thermo-voltage

FIG. 3. For each MTJ sample in Figure 1 (“No Contact” (left panel) and

“Contact” (right panel)) an oscillating laser pulse of varying frequency was

applied and the voltage response measured. (a) and (b) AC voltage (V) as a

function of field (H) measured for a laser excitation of 20 kHz, 5.4 mW. (c)

and (d) Frequency dependence of the AC voltage (V) for P and AP states.

Empty dots correspond to the experimental data and solid lines correspond

to the fitting considering an equivalent electrical circuit. (e) and (f) Sketch

of the equivalent electrical circuits (a detailed circuit is presented in the

following).

FIG. 4. Schematic of the full equivalent circuit using the following parame-

ters: the resistance of the MTJ (RMTJ), the capacitance of the MTJ (CMTJ),

resistance of substrate (RSi), the capacitance of SiO2 insulator that separates

the top lead and substrate (CSiO), the Schottky barrier between bottom lead

and substrate (SB1), the internal current source of Schottky barrier under

laser (IPV), the voltage source due to Seebeck effect (VSE), and the Schottky

barrier in the case of contact geometry (SB2).

TABLE I. Parameters used to simulate the frequency dependence shown in

Figure 3. The capacitors of the MTJ and the SiO2 layer that separates top

lead and silicon are given by estimation using parallel-plate model.

Resistance of MTJ at P and AP configurations and resistance of silicon are

determined by experiments. We have no direct access to the capacitor due to

the Schottky barrier, but the values are chosen to be close to the reported

values in Refs. 35 and 36. For the sake of simplicity, the Schottky barriers

have been treated as simple resistance for AC measurements. As the Si sub-

strate resistance varies with temperature, the value given here corresponds

to laser power of 5.4 mW.

No contact Contact Source

Capacitor of MTJ CMTJ 40 pF 40 pF Estimated

Resistance of MTJ at AP RMTJ AP 20 kX 20 kX Measured

Resistance of MTJ at P RMTJ P 16 kX 16 kX Measured

Resistance of substrate RSi 100 kX 100 kX Measured

Capacitor of insulator CSiO 115 pF 115 pF Estimated

Capacitor of bottom SB CSB1 30 pF 30 pF Ref. 35

Resistance of bottom SB RSB1 40 kX 40 kX Ref. 35

Capacitor of top SB CSB2 … 30 pF Ref. 36

Resistance of top SB RSB2 … 950 kX Ref. 36

023907-3 Xu et al. J. Appl. Phys. 119, 023907 (2016)
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exists but we demonstrate that in this system the main contri-

bution comes from the interaction between the light and the

substrate. In a context where more and more studies concen-

trate on electron and spin transport in the presence of tem-

perature gradient and light28–33 our measurements underline

effects that should be taken into account. Even when a

“normal” TMR signal is observed, experimentalists may

need to be wary of the presence of an unexpected contact!

Moreover, those results demonstrate the possibility of a

light powered MTJ. Indeed such a large photo-voltage

obtained on MTJ grown on Si (with a low resistance contact

from the top lead to Si) can be used to light-power spintronic

applications. The photo-voltage is large enough to enable the

determination of the MTJ magnetic states, in both “No
Contact” and “Contact” geometries, by using AC light or

continuous light, respectively.

III. DISCUSSION ON THE PHYSICAL ORIGIN
OF THE PHOTO-VOLTAGE

To study the light interaction with the substrate, the influ-

ence of the laser excitation (position of the laser spot, wave-

length, and laser power) has been studied on a simplified

version of the sample. We observed that the effects responsi-

ble for the photo voltages occur when shining light on the sub-

strate or/and at the interface substrate/metal leads. We have

studied simplified devices consisting of a Si substrate with

two metallic contacts deposited on top (Fig. 5(a)). The

1� 1 mm2 square contacts are made of Ta and are 1.5 mm

apart (center to center). In Figure 5(b), the influence of posi-

tion of the 10 lm diameter laser spot on the voltage measured

between the two contacts is presented. The voltage intensity is

the largest when the laser illuminates the substrate close to the

leads. As we move the laser spot away from a lead, the inten-

sity decreases. Moreover, it is clear from Figure 5(b) that the

signal amplitude is much larger close to the edges than in the

middle of the contact. The voltage also changes sign when we

move from one lead toward the other lead. One can then con-

clude that the signal is maximal when the laser shines at a

position close to the Si/metal interface.

To improve understanding of the light-matter interaction

mechanism, time and wavelength dependences of the photo-

voltage were carried out. The voltage was measured in the

time range of 0–200 ls after a 20 ns laser pulse excitation

illuminated the substrate close to one of the leads. Laser

wavelength ranged from 400 to 2200 nm. Figures 5(c) and

5(d) show a large intensity peak less than 1 ls after the laser

pulse whereas a broader peak is measured for typical time of

50 ls. Those two peaks behave differently with laser wave-

length and the nature of sample holder which suggests that

two separated effects coexist in the system.

Focusing on the first peak, we observe that it vanishes

when the wavelength is larger than 1100 nm (Fig. 5(c)), cor-

responding to photon energy lower than 1.12 eV (Si

bandgap). From these results we attribute the first peak to a

photovoltaic effect. Indeed light with an energy larger than

the gap would create electron-hole pairs that would flow

through the device. The time scale of the first peak is less

than 1 ls, which is consistent with reported values.34

The origin of the second peak is different. The photovol-

taic effect alone is no longer sufficient as an explanation, and

Seebeck effects must be considered. First, peak intensity

strongly depends on the nature of the sample holder. In the

case of the metal sample holder presented in Figure 5(d), the

effect is significantly diminished. As the penetration depth of

a 900 nm laser is around 30 lm in Si, the nature of the holder

only influences the boundary conditions of thermal propaga-

tion. The glass sample holder can be viewed as a thermal insu-

lator, while the metal sample holder has much higher thermal

conductivity. Consequently, the metallic sample holder

behaves as a heat sink. This gives credit to the observation

that the second peak is linked to a generated temperature gra-

dient. We would attribute the second peak to a Seebeck effect

in the Si substrate and/or Si/Ta contact. To evaluate this, we

have performed COMSOL simulations to calculate the tem-

perature gradient between the two leads. Assuming that all the

laser power is absorbed in Si, a temperature difference reach-

ing a few tens of degrees can be generated during a time scale

of tens of microseconds after the pulse. Experimental observa-

tions support this model of the behavior. The characteristic of

the first peak is independent on the nature of sample holder, in

agreement with our conclusions.

FIG. 5. Measurement on a simplified sample made of two contacts deposited

on a Si substrate connected with a voltmeter. (a) Picture of the sample. (b)

Evolution of the DC voltage (V) measured by the voltmeter as a function of

the laser spot position (X,Y) on the sample. (c) Time resolved signal after a

20 ns laser pulse for 900 nm and 1450 nm wavelengths for the sample on a

glass holder. (c) Time resolved signal after a 20 ns laser pulse for a 750 nm

wavelength for sample on a metal holder and a glass holder.

023907-4 Xu et al. J. Appl. Phys. 119, 023907 (2016)
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The two effects generate a charge accumulation that

can flow through the MTJ only if the circuit is closed,

which explains the difference between the “Contact” and

“No Contact” geometries. In the particular case of a photo-

voltaic effect, a Schottky barrier is needed to separate

electron-hole pair and give rise to a flowing current (avoid-

ing recombination). Note that both effects are expected to

decrease as the laser spot is moved away from the contact

pad and even change sign when illumination is moved from

one contact to the other. If the laser is moved away from

the contact, electron-hole pairs will be created farther from

the substrate/lead interface, and will be more likely to

recombine. Additionally, it is expected that if the laser is

moved away from one of the leads, the temperature gradi-

ent will also decrease.

In order to test the influence of the substrate on the

effect we have grown the same stack on a glass substrate and

on GaAs substrate. On the glass substrate no field dependent

signal could be detected whereas on a GaAs substrate a

strong field dependent voltage similar to the one shown in

Figure 1 could be detected. Since glass is an insulator and

GaAs is a semiconductor those findings are in agreement

with the reported results.

IV. DESCRIPTION OF THE EQUIVALENT ELECTRICAL
GENERATOR

From these results we can now describe in more detail

the equivalent electrical generator. The Seebeck contribution

can be viewed as a voltage source in the Si circuit and the

photovoltaic effect can be described as a current source in par-

allel to each Schottky barrier formed by the contact between

the semiconductor substrate and the bottom and top metallic

leads (Fig. 6). For the sake of simplicity, the two opposite

Schottky diodes can be described as a single effective

Schottky diode to the small voltage limit. Moreover from an

electrical point of view, it is equivalent to consider the differ-

ent electrical sources as an effective current source (IPV) in

parallel with a single mean Schottky diode as shown in Fig.

6(a). In order to analyze quantitatively the behavior of such

generator we performed I(V) curves on a “Contact” MTJ sam-

ple for the two magnetic states and for various power inten-

sities as shown in Figures 6(b) and 6(c). In these figures, V is

the voltage applied between the two leads (see Fig. 6(a)) and I
is the total measured current into the circuit. From Figure 6(a)

right, we obtained the following electrical equations:

I ¼ IS þ IMTJ

V ¼ VS þ ISRSi;

�
(1)

where IS ¼ I0½expðeVS

kT Þ � 1� þ IPV . I0 stands for the dark satu-

ration current,35 IPV the light induced current, and VS the

voltage at the level of the effective source. Figure 6(b) shows

IðVÞ curve measured for the two MTJ magnetic states (AP

and P). Here the current I passing through the ammeter

(shown in Fig. 6(a)) is measured, while the MTJ is biased

with a variable DC voltage (V) and a laser is continuously

illuminating the substrate. Note that for zero voltage the cur-

rent does not depend on the magnetic configuration, whereas

for zero current the voltage depends on the magnetic config-

uration (Fig. 1(e)). The curves can be described as the sum

of a linear part with an offset and a deviation from the linear-

ity. The linear behavior is essentially due to the Ohmic

behavior of the substrate and of the MTJ. The two different

slopes for P and AP are due to the two different resistance

values of the two states. The offset comes from the equiva-

lent current source due to the laser illumination. The devia-

tion from linearity is due to the effective Schottky diode. In

effect, the two Schottky diodes generate an asymmetric elec-

tric field which can extract the laser-generated electrons

from the silicon. Note that if the two electrode contacts are

symmetric and the illumination spot at equal distance from

the two contacts no photo-current can be created.

In Figure 6(c) the evolution of the IðVÞ curves for differ-

ent light power are presented while the MTJ is kept in the P

magnetic state by applying an external field. At zero voltage

FIG. 6. (a) Sketch of the electric circuit used to model the I(V) curves, in

which RMTJ is the resistance of MTJ, RSi the resistance substrate, VSE the

Seebeck voltage, and IPV1 and IPV2 are the photo generated currents of the

two SBs, respectively. The two SBs are equivalent to an effective SB (see

red dashed boxes), the photocurrent of which is given by IPV. Voltage V is

set by an external voltage source, and I the total current of two branches,

including the current through MTJ IMTJ and the current through substrate IS.

(b) I(V) curves for P and AP magnetic configuration obtained on the

“Contact” geometry device. (c) I(V) for the P magnetic configuration for dif-

ferent laser power. The empty symbols correspond to the experimental data

and the solid lines correspond to the fitting.

023907-5 Xu et al. J. Appl. Phys. 119, 023907 (2016)
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the current increases with the laser power because IPV is

directly linked to the laser intensity. The different IðVÞ
curves are perfectly fitted by the set of Equation (1) with the

parameters used for the fit in Figure 6(c). The only free pa-

rameters are RSi and IPV that depend on the laser power

(Table II). We can observe in Figure 6(c) a convergent point

for a bias voltage around �100 mV, independent of the laser

power. This point depends on the asymmetry between the two

diodes described earlier. At this bias point, the electrical field

inside the Si substrate becomes symmetric, and consequently

the electrons generated by the light can no longer flow in the

circuit no matter how much light intensity is used.

From this study the light induced electrical behavior of

MTJs on multiple substrates in geometries with or without

substrate contacts can be fully described by the equivalent

circuit in Figure 4 using the values of different electrical pa-

rameters for the samples studied.

V. CONCLUSION

In conclusion, we have demonstrated that the magnetic

configuration inside an MTJ can be probed by illuminating

spintronic devices without any external current source. A

large voltage can be measured using either continuous or

pulsed light. The light acts as an additional generator and the

system (sampleþ light) response can be modelled by an

equivalent electrical circuit. By growing model systems on

various substrates and using continuous and pulsed lasers we

propose two different origins for the photo generated volt-

age. First a photovoltaic effect can be detected in the struc-

tures where a semiconductor substrate is used. The effect

would rise from the creation of an electron–hole pair which

leads to charge propagation through the magnetic tunnel

junction if a Schottky barrier is formed between the substrate

and the lead. Such a signal is found to vanish once the light’s

wavelength reaches a critical value (1100 nm for Si) which

corresponds to the energy band gap inside the semiconduc-

tor. Second, a Seebeck effect could also be detected originat-

ing from a temperature gradient between the two parts of the

electrical circuit formed by the MTJ, the leads, the substrate,

and the insulator. We are able to fully describe the electrical

behavior of the devices and we have highlighted the different

key parameters that govern the latter.
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