
1Scientific REPOrtS |  (2018) 8:11405  | DOI:10.1038/s41598-018-29601-5

www.nature.com/scientificreports

Experimental Demonstration 
of a Spin Logic Device with 
Deterministic and Stochastic Mode 
of Operation
Punyashloka Debashis1,2 & Zhihong Chen1,2

Spin based logic devices have attracted a lot of research interest due to their potential low-power 
operation, non-volatility and possibility to enable new computing applications. Here we present an 
experimental demonstration of a novel spin logic device working at room temperature without the 
requirement of an external magnetic field. Our device is based on a pair of coupled in-plane magnetic 
anisotropy (IMA) magnet and a perpendicular magnetic anisotropy (PMA) magnet. The information 
written in the state of the IMA magnet is transferred to the state of the PMA magnet by means of a 
symmetry breaking dipolar field, while the two layers are electrically isolated. In addition to having the 
basic tenets of a logic device, our device has inbuilt memory, taking advantage of the non-volatility 
of nanomagnets. In another mode of operation, the same device is shown to have the functionality 
of a true random number generator (TRNG). The combination of logic functionality, nonvolatility and 
capability to generate true random numbers all in the same spin logic device, makes it uniquely suitable 
as a hardware for many new computing ideas.

Building logic units with spintronic elements is a topic of great interest as they can offer the functionality of a 
logic device at lower power and at the same time serve as memory elements, owing to the non-volatile nature 
of nanomagnets. Driven by this idea, many proposals of spin based logic devices have been widely discussed1–4. 
Charge-coupled spin logic (CSL)2 is one of the most promising implementations due to the use of robust charge 
currents for long transport distances as terminal quantities. The CSL design consists of a WRITE unit into which 
information can be written by an external stimulus and a READ unit from which the information can be read out 
and supplied to the next stage as input. Most importantly, the WRITE and the READ units must be electrically 
isolated to eliminate feedback, at the same time should be directionally coupled so that information can be trans-
ferred from the WRITE unit to the READ unit (Fig. 1(a) center).

In the original CSL proposal, giant spin Hall effect (GSHE) was proposed to be the writing mechanism and 
magnetic tunnel junction (MTJ) was suggested as the READ unit. Although the physics and operation of GSHE 
and MTJ are both well established, a final experimental demonstration of a CSL like spin logic device that meets 
design criteria of a logic device is still missing. One of the essential missing components is the experimental 
demonstration of an electrically isolated but directionally coupled READ and WRITE unit. In this work, we pres-
ent a new implementation that demonstrates this central aspect of the CSL device, while utilizing simple mech-
anisms to implement an electrical READ and WRITE unit. The presented device has (i) an IMA magnet driven 
by Oersted field as the WRITE unit, (ii) a PMA magnet switched by the GSHE of Ta and utilizing anomalous 
Hall effect (AHE) as the READ unit and (iii) the symmetry breaking field from IMA to PMA as the directional 
coupling (Fig. 1(b)). The nearby IMA magnet dictates the response of PMA to the GSHE spin torque. By writing 
information into the IMA through Oersted field and reading information from the AHE of the PMA, a new CSL 
device is successfully implemented with the combined PMA-IMA stack.

In contrast to the originally proposed implementation of CSL (Fig. 1(a) left), the coupling between WRITE 
and READ is realized by a very small dipolar field from the IMA that is sufficient to break the symmetry of GSHE 
switching of the PMA (Fig. 1(a) right). This weak coupling relaxes the design constraints on the isolation layers 
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and magnet dimensions5, i.e., we can now design thicker isolation layers for improved read-write isolation and 
endurance, and thinner magnets for lower operation energy. Moreover, using the CoFeB/MgO stack with interfa-
cial PMA in our device design enables possibility for novel voltage modulation of magnetic properties to achieve 
ultra-low power operation6–10.

We emphasize that the read and write mechanisms of the presented device can be replaced by more efficient 
technologies. For example, the WRITE unit can employ spin orbit torque (SOT) switching of the IMA magnet 
by having a GSHE material like Tantalum adjacent to it11. It can also utilize recent advances in voltage control of 
magnetization12,13. The READ unit can include a PMA-MTJ14 similar to the original CSL proposal. These mecha-
nisms can be integrated based on the application needs or desired performance metrics as long as they fulfill the 
requirements of the coupled IMA-PMA device design shown in Fig. 1(c). The specific design presented in this 
paper is just one of the designs used for easy integration, while the main focus is to experimentally demonstrate 
a CSL operation as the first proof-of-concept spin logic unit with input/output isolation and directed coupling. 
Finally, we demonstrate that the same device is capable of producing true random binary digits through the sto-
chastic switching of its PMA, when the read current through the GSHE layer is above a certain value. We show 
that this functionality is only possible if the amount of dipolar field exerted by the IMA on the PMA is engineered 
properly.

Experimental Approach and Results
We begin with depositing a composite stack of PMA and IMA magnet separated by 6–7 nm MgO that serves as 
the electrical isolation between them. This composite stack sits on a 7 nm Ta GSHE layer (Fig. 2(a)). Vibrating 
sample magnetometry (VSM) measurements using a superconducting quantum interference device (SQUID) on 
control samples reveal good ferromagnetic behaviors, with a high ratio of remnant moment to saturation moment 
and abrupt magnetization reversal for both IMA and PMA layers (Fig. 2(b,c)). Next, the Ta layer is patterned 
into a Hall bar with the composite IMA-PMA stack sitting on top shaped into an ellipse with major and minor 
diameter of 3 μm and 1 μm, respectively (Fig. 2(d)). AHE measurements done with external out-of-plane field 
(Fig. 2(e)) show square hysteresis loop (Fig. 2(f)), confirming two distinguished magnetization states. The IMA 
signal does not impact this measurement as it is isolated by the MgO layer. Note, the coercive field in Fig. 2(f) is 
larger than that in Fig. 2(c), as a result of patterning the PMA stack into a smaller island14,15. The impact of the 
stray magnetic field from the IMA on the PMA magnet’s coercive field is minimal as both of its in plane and out 
of plane components are less than 1 mT.

Switching PMA with in plane polarized spin current.  As first shown by Miron et al.16 and Liu et al.17, 
in-plane polarized spin currents can produce SOT that can efficiently rotate the magnetization of a PMA deter-
ministically in the presence of a small symmetry breaking in-plane field. In this scenario, the critical current 
needed to switch a PMA magnet can be much smaller than for an IMA with the same energy barrier, due to the 
absence of a demagnetization field for PMA (see Supplementary Information, Section S10). However, the require-
ment of an in plane field to deterministically switch the PMA magnetization from “up” to “down” (or “down” to 
“up”) makes it undesirable for computing applications. Many approaches have been demonstrated to get rid of 
this external field. These approaches introduce a built-in symmetry breaking field, by means of either a tilted 
anisotropy18, lateral structural anisotropy19, interlayer exchange coupling20 or the GSHE of an antiferromagnet21. 

Figure 1.  (a) Center: Charge-coupled Spin Logic device containing READ and WRITE units that are 
electrically separated but magnetically coupled. Left: The original proposal was based on two IMA magnets 
and a strong coupling between them that can switch them in unison. Right: Our idea is to have an IMA magnet 
and a PMA magnet. A much smaller dipolar field from the IMA magnet is required to break the symmetry of 
GSHE switching of the PMA magnet underneath, achieving information flow from WRITE to READ unit. (b) 
Schematic of the coupled IMA-PMA device.
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All these methods rely on a mechanism that produces a fixed in-plane symmetry-breaking field that cannot be 
manipulated easily once the device is fabricated.

Field free switching by means of a coupled IMA.  We eliminate the requirement of the external 
symmetry-breaking field by using the dipolar field of the IMA magnet placed on top of the PMA magnet. This 
approach eliminates the challenging fabrication requirements of refs18,19 and does not require complicated inter-
layer and antiferromagnetic material stack as in the case of refs20,21. More importantly, this approach allows for an 
independent electrical control of the magnetization of the IMA magnet, enabling an input and an output control 
for logic functionality as will be described in later sections.

The measurement schematic is shown in Fig. 3(a). First, we carry out switching loop measurements of the 
PMA magnet with the assistance of an external magnetic field of +/−100 mT, as shown in Fig. 3(b). The polar-
ity of the external field and applied current direction determine the final magnetic state of the PMA as “up” or 
“down”, represented by the two RAHE levels. It should be noted here, that the effect of the IMA dipolar field, which 
is expected to be no more than 1 mT, is overshadowed by the large external in plane field. The switching loop 
direction and symmetry is consistent with that observed by Liu et al.17 For SOT switching of PMA magnets with-
out any assistance from heat induced thermal activation, the analytical expression for critical switching current 
is given by17:
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where MS and HC are the saturation magnetization and the switching field of the PMA magnet, tGSHE and tPMA are 
the thickness of the GSHE and PMA magnet layer, θSH is the spin Hall angle and λSF is the spin diffusion length 
of the GSHE layer. Substituting numbers measured from the experiment and taking λSF = 1.4 nm and θSH = 0.07 
from ref.17, JSW,PMA = 3.6 × 106 A/cm2 is calculated. Although the above expression for critical current is for a 
monodomain magnetic body with HC ≈ HK, and is not expected to match our experiment with micron sized 
magnets, the calculated number is consistent with the experimental values in Fig. 3. We also performed measure-
ments for switching phase plots of another similar device (details in Supplementary Information, Section S2) to 
establish that the switching mechanism is same as that of Liu et al.17.

Next, we carry out the switching loop measurements in the absence of external magnetic field (Fig. 3(c)). 
The IMA magnet on top exerts a fringing dipolar field on the PMA magnet, which is strong enough to break the 
symmetry of the SOT switching. In the case where the IMA magnet is initialized along the positive (+x) direc-
tion, the PMA magnet senses its dipolar field pointing towards the negative (−x) direction and switches along 
the anti-clockwise loop as if it were sitting in a negative external field. Similarly, IMA magnet initialized along the 
negative direction produces a clockwise switching loop, consistent with a positive externally applied field. Based 
on calculations taking into account the IMA magnet size, saturation magnetization and separation from the PMA 
magnet, the average in plane dipolar field sensed by the PMA magnet is predicted to be ~0.7 mT (Supplementary 
Information, Section S8), which is strong enough to induce deterministic switching of the PMA. It is important to 
note that the magnetic field coming out of the IMA magnet contains both in plane and out of plane components, 

Figure 2.  (a) The composite stack of IMA and PMA magnets, separated by 6–7 nm MgO as the electrical 
isolation. The stack sits on 7 nm Ta that serves as the GSHE layer for the PMA magnet switching. (b,c) SQUID 
characterization of separately deposited IMA and PMA magnetic stack, showing good in-plane and out-of-
plane ferromagnetic behavior, respectively. (d,e) AFM and schematic of the fabricated device having a Ta Hall 
cross and an elliptical island of the composite IMA-PMA stack. (f) AHE resistance vs. externally applied out-of-
plane magnetic field, showing abrupt hysteretic behavior that is indicative of the PMA in the etched island.
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especially near the edges, as the two magnets are lithographically defined to have ~100% overlap. Nevertheless, 
the PMA magnet switching loop still reflects the same symmetries as in the case of the uniform external in plane 
field. Also, the fact that the PMA magnet switches between two distinct states with the same ΔR amplitude, 
implies that it behaves as a “whole” and does not break into domains, even in the presence of such a non-uniform 
field. We further confirm that the field free switching we observe is not due to domain wall propagation as seen by 
Li et al.22 Unlike in their experiment, we observe that the direction of our PMA switching loop is independent of 
its initial magnetization direction (see Supplementary Information, Section S4).

During preparation of the manuscript, the authors noticed that a similar approach for field free switching has 
recently been reported by Zhao et al.23 Nevertheless, our approach provides unique aspects that are not included 
in ref.23: First, we show complete electrical control of the device by adding a gold bar on top that switches the 
IMA magnet by means of Oersted field (section II C). Secondly, different from their structure, the thick MgO 
layer in our structure ensures that the isolation remains intact while the current pulsing of the PMA magnet takes 
place through many read-write cycles of the device (details of MgO leakage characterization is provided in the 
Supplementary Information, Section S6). Lastly, this thicker MgO allows us to tune the dipolar coupling in such 
a way that we can uncover a new stochastic mode of operation (section II D), which has not been experimentally 
observed elsewhere in symmetry broken composite GSHE/PMA structures. Details of the guidelines for choosing 
the isolation layer to enable stochastic operation at high read currents while obtaining deterministic switching at 
low currents is presented in the Supplementary Information, Section S8.

Here, we have eliminated the requirement of an external symmetry breaking field and successfully switched 
a PMA magnet by introducing an electrically isolated IMA magnet layer. However, initializing the IMA magnet 
still requires an external magnetic field, which needs to be eliminated to realize a completely field-free magnetic 
switch with input and output stages.

Completely field free, reversible device operation.  As mentioned before, the IMA magnet switching 
in our device design can be achieved by various means such as the GSHE11, magnetoelectric (ME) effect12,13, etc. 
In this work, we use Oersted field generated by a current pulse to switch the IMA magnet. A 50 nm thick and 6 
um wide Au electrode is formed on top of the IMA magnet, isolated by 50 nm SiO2. This extra SiO2 isolation is 
not required, but is made for the ease of fabrication. When a current pulse is passed through the Au bar, trans-
verse Oersted field (in “+x” direction) generated is sufficient to overcome the coercive field of the IMA magnet 
and switch its magnetization, thus enabling a completely field-free operation of the device. We would like to 
emphasize here that using Oersted field for IMA magnet switching is only for the ease of device fabrication (easy 
lithographic lift off process and less critical requirement of a clean interface with the IMA magnet for Au electrode 
compared to Ta or W) in our experiment. The well-established GSHE can be implemented to switch the IMA 
magnet by defining a Ta or W electrode through an etching process or a careful metallization process after in situ 
cleaning of the surface of the IMA magnet. Future generations of device designs can also utilize magnetoelectric 
switching or other mechanisms to further improve energy efficiency and scalability. The main focus of this work is 
to demonstrate that symmetry breaking dipolar field can be used to realize a spintronic logic device that contains 

Figure 3.  (a) Device schematic with measurement configuration (b) GSHE switching loops in the presence of 
an external symmetry-breaking field. For positive magnetic field (+100 mT), positive current switches the PMA 
magnet from “up” to “down” magnetization, while negative current switches the PMA magnet from “down” to 
“up” magnetization, giving a clockwise loop direction. This is reversed when the external field is negative (−100 
mT), showing a counter clockwise switching loop. (c) GSHE switching loops are obtained without the aid of an 
external field. The loop directions are opposite to that of the external field case, indicating that a dipolar field 
from the IMA magnet serves as the symmetry breaking field for the GSHE switching of the PMA magnet.



www.nature.com/scientificreports/

5Scientific REPOrtS |  (2018) 8:11405  | DOI:10.1038/s41598-018-29601-5

electrically isolated WRITE and READ unit with logic information stored in the form of magnetization being 
transferred only from the input to the output.

Now we demonstrate the full operation of the device in Fig. 4. First, the IMA magnet (WRITE unit) is initial-
ized along the “−x” direction. This exerts a positive dipolar field on the PMA magnet and the AHE of the PMA 
magnet shows a clockwise loop. A current pulse of 30 mA is applied to the Au electrode, which switches the IMA 
magnet to the “+x”. This information can be read from the AHE loop of the PMA magnet, which is now in the 
anti-clockwise direction. Hence, the information stored in the WRITE unit, i.e., the magnetization direction of 
the IMA magnet, can be read from the switching direction of the PMA magnet, which serves as the READ unit. 
Similarly, when we apply a −30 mA pulse to the WRITE unit, it switches the IMA magnet back to the “−x” direc-
tion, and results in the clockwise AHE loop of the PMA magnet. It should be noted that reading the AHE loop 
direction can be done easily by applying a read current larger than the critical current and reading the sign of the 
output voltage. For clockwise AHE loop, we always get a negative output voltage (VOUT = RAHE*IREAD) and for an 
anti-clockwise AHE loop, we always end up with a positive output voltage.

To ensure that the GSHE switching of PMA is the responsible mechanism for the READ unit, unwanted 
Oersted field and Joule heating are two important mechanisms to be excluded. For our device, the Oersted field 
produced by the read current density of ~1 × 107 A/cm2 through the GSHE Ta layer can be estimated by the 
analytical expression24: HOersted = μ0 × J × (tGSHE/2). Given all device dimensions, it is calculated to be about 0.5 
mT and can be further reduced by scaling the thickness of the GSHE layer. In any case, this field points in the “y” 
direction, perpendicular to the direction of the current, and hence does not impact the switching symmetry of the 
device. Also, the Joule heating for a read current density of ~1 × 107 A/cm2 is estimated to be similar to other SOT 
based switching schemes, owing to the similar current levels. It should be noted that in spin based logic devices, 
the internal energy dissipated in the magnet during switching is minimal25 and hence Joule heating is the major 
source of energy dissipation.

Operating the device as a True Random Number Generator.  When a read current pulse with a large 
magnitude is applied to the Ta Hall bar, the spin torque is very high and the PMA magnet switching cannot be 
explained in the same way as in Section II A. Instead, the magnetization is pinned to the polarization direction of 
the spin current and the weak in plane field produced by the IMA magnet does not act in the same way to break 
the symmetry17. Interestingly, when the current pulse is removed, the magnetization of the PMA magnet makes a 
stochastic choice of arriving at either “up” or “down” direction. To achieve this, we started with a current pulse at 
a current density (J) slightly larger than the critical density required for deterministic switching (~1 × 107 A/cm2 
as in Fig. 4), where the magnet always remained in the state consistent with the switching loop of Fig. 4. As J just 
started to increase, the magnet occasionally showed random switching to the other state. When the applied J was 
>3 × 107 A/cm2, the magnet state showed random choices between “up” and “down” states. As shown in Fig. 5, 
among 501 switching events, 303 ended at the “up” state while 198 arrived at the “down” state, showing the sto-
chastic nature of the switching. A similar experiment was performed by Bhowmik et al.26 in a single GSHE/PMA 

Figure 4.  Full device operation with an Oersted field driven IMA magnet and GSHE driven PMA magnet. (a) 
The IMA magnet is initialized in the negative direction, indicated by the arrow pointing in −x direction. This 
is revealed by the clockwise GSHE switching loop of the PMA magnet, which serves as the READ unit. (b) A 
positive current pulse of 30 mA through the Au line generates an Oersted field that switches the magnetization 
of the IMA magnet to positive (WRITE operation). This is revealed by the counter-clockwise GSHE switching 
loop of the PMA magnet. (c) A negative 30 mA pulse reverses the IMA magnet direction back to negative, as 
revealed by the clockwise GSHE switching loop of the PMA magnet. This set of operations is completely field 
free and achieved by two units (IMA and PMA magnets) that are electrically isolated. Also, the information 
about the IMA magnet direction influences the state of the PMA magnet switching and not vice versa, hence 
realizing a directional coupling.
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stack. Since our device has an additional IMA magnet layer on top, it is important to note here, that the magni-
tude of the in plane dipolar field from the IMA magnet needs to be within a specific range in order to observe the 
two described operation regimes in the same device. It needs to be small enough to enable the stochastic regime 
under high current densities, while at the same time be strong enough to allow robust deterministic switching at 
low currents (details in Supplementary Information, Section S8). This optimization is much easier with a dipolar 
coupled in plane magnet, compared to other means of achieving field free switching.

Circuit implications of the device.  Functionality as a NOT or COPY gate.  The operation of the device 
above critical currents can be summed up in the following tabular form.

From the table above, it is seen that the device operates in two regimes based on the magnitude of read cur-
rent. In the deterministic logic mode, it acts as a COPY gate, i.e., VOUT copies IWRITE irrespective of the read 
current polarity. Since the output of the device is the anomalous Hall voltage, which is bipolar, this device can 
be turned into a NOT gate by simply reversing the output terminals, which can be useful from a circuit design 
perspective. Since magnetization switching in response to spin current is a thresholded operation involving a 
critical current, the presented device is highly non-linear. The magnetization of the IMA magnet determines 
the switching loop of the PMA magnet through the symmetry breaking dipolar field and hence determines the 
polarity of the output voltage. However, the state of PMA magnet does not affect the switching phenomenon of 
the IMA magnet. Hence, information only flows in one direction, i.e., from state of IMA magnet to the state of the 
PMA magnet, ensuring directionality. This device has a built in memory as the information is stored in the state 
of a nanomagnet, which is non-volatile and can be stable for several years by proper design.

Operating power.  Any CSL type of spin logic devices, where information gets transferred from the input to 
the output by coherent switching of two isolated nanomagnets, will always require energy to switch both of the 
nanomagnets, albeit it is through GSHE switching of one magnet and dipole coupling to the other in the original 
CSL proposal2. In ref.2, this was manifested in the required switching current being 2*Isw (Isw being the switching 
current for one of the magnets). In our device, the energy is partially divided to the write operation and partially 
to the read operation, instead of the “traditional” way, where most energy is spent in the write operation and a 

Figure 5.  Experimentally observed stochastic switching behavior of the PMA magnet at high read currents. 
This is due to the PMA magnetization getting pinned along the spin polarization direction and making a 
stochastic choice between “up” and “down” once the current pulse is removed.

Operation IWRITE IREAD RAHE VOUT (=IREAD × RAHE)

Deterministic
Logic Gate
(Moderate IREAD)

+ + + +

+ − − +

− + − −

− − + −

TRNG (Large IREAD) N.A. +/− random random

Table 1.  Deterministic and stochastic operation of the presented device.
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much smaller energy is spent in the read operation. The write operation can be made ultra-low power by use of 
magnetoelectric (ME) effect for switching the IMA magnet of the WRITE unit. The read operation involves SOT 
switching of the PMA magnet of the READ unit, which requires less power compared to the SOT or STT switch-
ing of IMA magnets that are used in current MRAM technology (see Supplementary Information, Section S10). 
Hence, the total operation energy (read plus write) can be significantly smaller than many of the proposed CSL 
like spintronic logic devices2,27,28.

Note that the operation of this spin logic device is different from that of a CMOS logic device. Owing to its 
non-volatility, the VDD power supply can be a clock instead of being constantly present. Therefore, there is no 
constant energy loss through the VDD-ground path.

Concatenability.  If the AHE output is driving a capacitive load, (e.g. the magnetoelectric WRITE unit of the next 
stage) then the required VDD to drive the next stage is given by:
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where VSW,IMA is the critical voltage for switching the IMA magnet of the next stage. By proper geometrical design, 
the last two factors of the above equation can be reduced to 1/3, whereas for a standard material like CoFeB, the 
factor ρ0/ρAHE is ~30 (ref.29). Hence, the required VDD would be ≈10 × VSW,IMA. The recent advances in voltage 
driven 180 degree magnetization switching12,13 can lead to an ultra-low VSW,IMA, enabling a low VDD operation of 
this device. Details of the analysis and a schematic of envisioned circuit connection is given in Supplementary 
Information, Section S9. Fan-out can be improved by replacing the AHE reading scheme by a PMA MTJ, where 
the free layer of the MTJ receives symmetry breaking field from the IMA magnet. Using MTJ resistance instead 
of AHE comes at the cost of compromising the bipolar nature of output.

Stochastic mode.  In the stochastic mode of operation, this device gives the unique functionality of true random 
number generation that is not easily feasible with CMOS elements. Having a hardware random number generator 
made of the same device in a logic chip can be very useful for applications such as cryptographic systems30.

Conclusion
We have demonstrated an experimental implementation of a spin logic device with the essential properties of (i) 
WRITE unit, (ii) READ unit, (iii) directional coupling, and (iv) electrical isolation. This is achieved by combining 
an IMA and PMA nanomagnet in a vertical stack, utilizing the dipolar field for information transfer. The device 
has high non-linearity, directionality as well as inbuilt memory. The device can be used as a COPY gate or a NOT 
gate, by simply choosing the polarity of output terminal connections. The electrical write and read mechanisms 
can be easily replaced by established technology such as GSHE or emerging technology such as ME for write, and 
MTJ for read to reduce energy consumption and make the future generation of this device more efficient. Finally, 
this device has a stochastic regime of operation under high current pulses, which serves as a hardware form of a 
true random number generator, desirable in many computing applications.

Methods
Sample Preparation and characterization.  The composite IMA-PMA stack was prepared on a ther-
mally oxidized silicon substrate by PVD magnetron sputtering. Along with the main sample, one control sample 
was placed in the chamber. After depositing till the MgO isolation layer, the vacuum was broken and the first 
control sample was taken out. Another control sample was placed in the chamber along with the main sample 
and the deposition of the IMA layer was carried out. It is worth mentioning that the Ta layer inserted between 
the two MgO layers in Fig. 2(a) is not necessary for the device. It was inserted to be consistent with a previously 
developed recipe for PMA film deposition. m-H loop characterization of all samples were done in Quantum 
Design MPMS-3.

Device Fabrication.  The device was made in a four step e-beam lithography process. First, the entire stack 
was etched into the Hall bar shape by e-beam lithography and dry etching using Argon plasma, followed by 
removal of the HSQ etch mask. Then, the elliptical island containing the IMA magnet, PMA magnet and the 
isolation layers was formed on top of the Hall bar by e-beam lithography and Ar plasma etching, where the 
etching was stopped just before the bottom Ta layer. The top Au bar for providing Oersted field was formed by a 
third e-beam lithography step, followed by e-beam evaporation of SiO2(50 nm)/Au(50 nm) and liftoff in acetone. 
Finally, the contact pads were formed on the Hall bar by another e-beam lithography step followed by e-beam 
evaporation of Ti(20 nm)/Au(100 nm) and liftoff in acetone. After the device fabrication, an annealing step was 
carried out at 250 °C for one hour in a vacuum chamber with ~3 × 10−8 Torr pressure in the absence of any mag-
netic field. Also, reference stacks for independent magnetic characterization of the IMA and the PMA magnet 
layers were annealed at the same time, before measuring the magnetic hysteresis loops of Fig. 2(b,c).

Measurement setup.  The anomalous Hall effect measurement were done using a sinusoidal current from a 
Keithley 6221 current source and a SRS 850 DSP lock-in amplifier. The same Keithley 6221 was also used to gen-
erate current pulses for SOT switching of the PMA magnet and Oersted field switching of the IMA magnet. All 
measurements were carried out in a Lakeshore probestation, which also provided the required in-plane field for 
the measurements in Fig. 3(b). Anomalous Hall effect measurement with out of plane magnetic field were done 
in Quantum Design PPMS Dynacool.
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Data availability.  The data that support the plots within this paper and other findings of this study are avail-
able from the corresponding author upon reasonable request (Table 1).

References
	 1.	 Behin-Aein, B., Datta, D., Salahuddin, S. & Datta, S. Proposal for an all-spin-logic device with built-in memory. Nat. Nanotechnol. 

5, 266–270 (2010).
	 2.	 Datta, S., Salahuddin, S. & Behin-Aein, B. Non-volatile spin switch for Boolean and non-Boolean logic. Appl. Phys. Lett. 101, 252411 

(2012).
	 3.	 Allwood, D. A. et al. Magnetic Domain-Wall Logic. Science. 309, 5741 (2005).
	 4.	 Mankalale, M. G. et al. CoMET: Composite-Input Magnetoelectric- Based Logic Technology. Appl. Phys. Lett. 101, 252411 (2012).
	 5.	 Penumatcha, A. V. et al. Impact of Scaling on the Dipolar Coupling in Magnet–Insulator–Magnet Structures. IEEE Trans. Magn. 52, 

1 (2016).
	 6.	 Shiota, Y. et al. Opposite signs of voltage-induced perpendicular magnetic anisotropy change in CoFeB| MgO junctions with 

different underlayers. Appl. Phys. Lett. 103(8), 082410 (2013).
	 7.	 Rana, B., Fukuma, Y., Miura, K., Takahashi, H. & Otani, Y. Effect of excitation power on voltage induced local magnetization 

dynamics in an ultrathin CoFeB film. Sci. Rep. 7, 2318, https://doi.org/10.1038/s41598-017-02427-3 (2017).
	 8.	 Miura, K. et al. Voltage-induced magnetization dynamics in CoFeB/MgO/CoFeB magnetic tunnel junctions. Sci. Rep. 7, 42511, 

https://doi.org/10.1038/srep42511 (2017).
	 9.	 Kanai, S. et al. Electric field-induced magnetization reversal in a perpendicular-anisotropy CoFeB-MgO magnetic tunnel junction. 

Appl. Phys. Lett. 101(12), 122403 (2012).
	10.	 Kanai, S., Matsukura, F. & Ohno, H. Electric-field-induced magnetization switching in CoFeB/MgO magnetic tunnel junctions with 

high junction resistance. Appl. Phys. Lett. 108(19), 192406 (2016).
	11.	 Liu, L. et al. R. A. Spin-Torque Switching with the Giant Spin Hall Effect of Tantalum. Science 336, 555 (2012).
	12.	 Heron, J. T. et al. Deterministic switching of ferromagnetism at room temperature using an electric field. Nature 516(7531), 370 

(2014).
	13.	 Wang, Z. et al. Magnetoelectric assisted 180 magnetization switching for electric field addressable writing in magnetoresistive 

random-access memory. ACS Nano 8(8), 7793–7800 (2014).
	14.	 Ikeda, S. et al. A perpendicular-anisotropy CoFeB–MgO magnetic tunnel junction. Nat. Mater. 9(9), 721 (2010).
	15.	 Chenchen, J. W. et al. Size dependence effect in MgO-based CoFeB tunnel junctions with perpendicular magnetic anisotropy. Jpn. 

J. Appl. Phys 51(1R), 013101 (2011).
	16.	 Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection. Nature. 476, 

189–193 (2011).
	17.	 Liu, L., Lee, O. J., Gudmundsen, T. J., Ralph, D. C. & Buhrman, R. A. Current-Induced Switching of Perpendicularly Magnetized 

Magnetic Layers Using Spin Torque from the Spin Hall Effect. Phys. Rev. Lett. 109, 096602 (2012).
	18.	 You, L. et al. Switching of perpendicularly polarized nanomagnets with spin orbit torque without an external magnetic field by 

engineering a tilted anisotropy. Proc. Natl. Acad. Sci. USA 112(33), 10310–10315 (2015).
	19.	 Yu, G. et al. Switching of perpendicular magnetization by spin–orbit torques in the absence of external magnetic fields. Nat. 

Nanotechnol. 9, 548–544 (2014).
	20.	 Kong, W. J. et al. Field-free spin Hall effect driven magnetization switching in Pd/Co/IrMn exchange coupling system. Appl. Phys. 

Lett. 109, 132402 (2016).
	21.	 Oh, Y.-W. et al. Field-free switching of perpendicular magnetization through spin–orbit torque in antiferromagnet/ferromagnet/

oxide structures. Nat. Nanotechnol. 11, 878–885 (2016).
	22.	 Li, S. et al. Deterministic Spin-Orbit Torque Induced Magnetization Reversal In Pt/[Co/Ni]n/Co/Ta Multilayer Hall Bars. Sci. Rep. 

7, 972, https://doi.org/10.1038/s41598-017-01079-7 (2017).
	23.	 Zhao, Z., Smith, A. K., Jamali, M. & Wang, J-P. External-Field-Free Spin Hall Switching of Perpendicular Magnetic Nanopillar with 

a Dipole-Coupled Composite Structure. Preprint at: https://arxiv.org/abs/1603.09624v2 (2017).
	24.	 Zahn, M. Electromagnetic Field Theory: A Problem Solving Approach. Malabar, FL (Krieger Publishing Company, 2003).
	25.	 Salahuddin, S. & Datta, S. Interacting systems for self-correcting low power switching. Appl. Phys. Lett. 90(9), 093503 (2007).
	26.	 Bhowmik, D., You, L. & Salahuddin, S. Spin Hall effect clocking of nanomagnetic logic without a magnetic field. Nat. Nanotechnol 

9(1), 59 (2014).
	27.	 Pan, C. & Naeemi, A. An expanded benchmarking of beyond-CMOS devices based on Boolean and neuromorphic representative 

circuits. IEEE. J. Explor. Solid-State Computat. Devices Circuits 3, 101–110 (2017).
	28.	 Kani, N. & Naeemi, A. Analytical models for coupling reliability in identical two-magnet systems during slow reversals. J. Appl. Phys. 

122(22), 223902 (2017).
	29.	 Zhu, T., Chen, P., Zhang, Q. H., Yu, R. C. & Liu, B. G. Giant linear anomalous Hall effect in the perpendicular CoFeB thin films. Appl. 

Phys. Lett. 104(20), 202404 (2014).
	30.	 Fukushima, A. et al. Spin dice: A scalable truly random number generator based on spintronics. Appl. Phys. Exp. 7, 8 (2014).

Acknowledgements
The authors acknowledge the fruitful discussions with Prof. Joerg Appenzeller, Dr. Ashish Verma Penumatcha, 
Vaibhav Ostwal, Rafatul Faria, Dr. Kerem Yunus Camsari and Dr. Neil Dilley. This work was supported by the 
Center for Probabilistic Spin Logic for Low-Energy Boolean and Non-Boolean Computing (CAPSL), one of 
the Nanoelectronic Computing Research (nCORE) Centers as task 2759.003 and 2759.004, a Semiconductor 
Research Corporation (SRC) program sponsored by the NSF through CCF 1739635.

Author Contributions
P.D. and Z.C. conceived the research idea. P.D. performed the sample fabrication and measurements. P.D. and 
Z.C. performed data analysis and wrote the manuscript. All authors contributed to discussions of the results.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29601-5.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/s41598-017-02427-3
http://dx.doi.org/10.1038/srep42511
http://dx.doi.org/10.1038/s41598-017-01079-7
https://arxiv.org/abs/1603.09624v2
http://dx.doi.org/10.1038/s41598-018-29601-5


www.nature.com/scientificreports/

9Scientific REPOrtS |  (2018) 8:11405  | DOI:10.1038/s41598-018-29601-5

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Experimental Demonstration of a Spin Logic Device with Deterministic and Stochastic Mode of Operation

	Experimental Approach and Results

	Switching PMA with in plane polarized spin current. 
	Field free switching by means of a coupled IMA. 
	Completely field free, reversible device operation. 
	Operating the device as a True Random Number Generator. 
	Circuit implications of the device. 
	Functionality as a NOT or COPY gate. 
	Operating power. 
	Concatenability. 
	Stochastic mode. 


	Conclusion

	Methods

	Sample Preparation and characterization. 
	Device Fabrication. 
	Measurement setup. 
	Data availability. 

	Acknowledgements

	Figure 1 (a) Center: Charge-coupled Spin Logic device containing READ and WRITE units that are electrically separated but magnetically coupled.
	Figure 2 (a) The composite stack of IMA and PMA magnets, separated by 6–7 nm MgO as the electrical isolation.
	Figure 3 (a) Device schematic with measurement configuration (b) GSHE switching loops in the presence of an external symmetry-breaking field.
	Figure 4 Full device operation with an Oersted field driven IMA magnet and GSHE driven PMA magnet.
	Figure 5 Experimentally observed stochastic switching behavior of the PMA magnet at high read currents.
	﻿Table 1 Deterministic and stochastic operation of the presented device.




