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An antiferromagnetic metal (AFM) rich in spin-orbit coupling is a promising solid
for the application of electrical current induced magnetic switching, because not only
can it rely on its Spin Hall Effect (SHE) to generate spin current, it might also provide
exchange coupling field to replace an external field required for coherent magnetic
switching. In this work, we study the current induced magnetic switching by using the
antiferromagnetic IrMn. The switching current density based on the spin Hall effect
of IrMn is on the order of 1x10® A/cm?, which is comparable to the heavy metal
systems with a large spin Hall angle. We observe an interesting switching behav-
ior, in that a complete binary switching occurs under an applied field in the range
of 2.0 to 8.0 mT, however, from zero field up to 2.0 mT, switching is continuous
and incomplete. We attribute this observation to the distribution of exchange bias
field and the mixture of internal and external field, which is attested by magneto-
optical Kerr effect microscope. Our study sheds light on the SHE in AFM materials
and their application in field-free switching such as in spin-logic and magnetic
random-access memory devices. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5059386

One of the recent breakthroughs in spintronics is the discovery of the spin Hall effect (SHE). This
effect plays an important role in the development of the magnetic random-access memory and spin
logic devices because of its ability to manipulate the magnetization through spin current.'= Previous
SHE studies are mainly focused on non-magnetic heavy metals (HMs), such as §-Ta, 8-W, Pt, Hf
etc.*~13 HMs have large spin Hall angles ranging from 0.068 to 0.4.*"'0 Facilitated by an external
field, the spin transfer torque generated from the HM is large enough to flip the magnetization of
a perpendicularly magnetized layer between two stable states of spin-up and spin-down. In recent
years, scientists have begun to turn their attention to the antiferromagnetic metals (AFMs) which also
exhibit SHE.!4-2

AFMs are well known in generating exchange bias field through exchange coupling with a
ferromagnetic material (FM) in the AFM/FM bilayer structures.’®3! The exchange anisotropy is
discovered in Co with the shell of CoO and its bias field is as high as 0.2 T.?° One famous application
of AFM is to pin the magnetization vector of an ferromagnetic electrode and to form the so-called fixed
layer in magnetic tunneling junctions.? Borrowing from the same idea, it is intuitive to use an AFM,
which exhibits SHE, to provide the exchange biasing field needed for coherent magnetic switching.
This dual functionality of an AFM simplifies SHE-based device structures and improves their energy
efﬁciency.m‘l&25 Moreover, AFMs, such as PtMn, [rMn, PdMn, and FeMn, have considerable spin-
orbit coupling”>* and they possess spin Hall angles ranging from 0.008 to 0.086.!:1%-20-22

In this work, we study the magnetic switching behavior caused by the spin-transfer torque
generated by the SHE of the antiferromagnetic IrMn, an important solid widely used in spintronic

2Email: Gang_Xiao@Brown.edu

O
2158-3226/2018/8(11)/115323/7 8, 115323-1 © Author(s) 2018 @ [


https://doi.org/10.1063/1.5059386
https://doi.org/10.1063/1.5059386
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5059386
mailto:Gang_Xiao@Brown.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5059386&domain=pdf&date_stamp=2018-11-21

115323-2 Qian et al. AIP Advances 8, 115323 (2018)

Z
Ta (1.0) x)_’ y oo

MgO0 (1.6) | Bext
CoFeB (1.0) ...

—
IrMn (3.0) 4 1ﬁ ]
CoFeB (3.0) CoFeB (1.0) %_]»

Ta (4.0) IrMn (3.0)

FIG. 1. Cross-sectional schematic view of our multilayer samples and schematic of the Hall resistance measurement set-up
in our experiment. The number in the parentheses represents the layer thickness in nanometer. The external field and current
are applied along the y-axis. The 1 nm-thick CoFeB has perpendicular magnetic anisotropy.

structures or devices. We observe a very low critical switching current density, even though the SHE
in IrMn is moderate, compared with -Ta and 8-W.3-%13:1520.22 Cyrrent-induced complete and sharp
switchings occur upon a minimum external field of 2.0 mT. Yet, continuous and incomplete switching
is observed under field-free condition and low applied fields up to 2.0 mT. We attribute this rather
unique behavior in IrMn system to the polycrystalline morphology of the IrMn thin film, which yields
a distribution of local biasing field across crystalline grains.

As illustrated in Fig. 1, the sample used in our study has the multilayer structure:
Si-substrate/Si0,/Ta(4.0)/CoFeB(3.0)/IrMn(3.0)/CoFeB(1.0)/MgO(1.6)/Ta(1.0), numbers denoting
layer thicknesses in units of nanometer; IrMn and CoFeB standing for Irp;Mn7g and CosoFes0B2g
alloys, respectively. We utilize a homemade sputtering system with a high vacuum base pressure
of 2x107 Torr to grow the layered stack. The bottom Ta and CoFeB layers provide seed layers for
the growth of IrMn. The I[rMn has the dual roles of generating spin current and providing exchange
biasing to the top 1.0-nm thick CoFeB. The proximity of MgO layer causes this CoFeB to exhibit
a robust perpendicular magnetic anisotropy (PMA) after a careful magnetic annealing process. It is
the perpendicular magnetic switching of this CoFeB layer that we will focus on, under the influence
of the spin-transfer torque from IrMn and an external in-plane field. Finally, the top Ta layer acts as
the capping layer to passivate the whole stack. We use standard photolithography to pattern the stack
into Hall bars for magnetotransport measurements.

Fig. 2 shows the anomalous Hall resistance versus an out-of-plane magnetic field under different
magnetic annealing conditions. The magnitude of the anomalous Hall resistance is proportional to the
z-component of the magnetization vector of the 1 nm-thick CoFeB layer.’> We anneal the samples
under a perpendicular field (z-axis) of 0.42 T in a high vacuum chamber (2x10® Torr) at a fixed
temperature ranging from 140 °C to 310 °C. We obtain a robust PMA as indicated by the square-like
hysteresis loop in Fig. 2 only with a narrow temperature window around 150 °C. The corresponding

0.9 — . . . ;
g 06
3
Q03
8
2 0.0
b4 140 °C
X .03 150 °C
T 06 Trones™ :gg g ]

310 °C

-0.9 L N L L L
-8.0 -4.0 0.0 4.0 8.0

Magnetic Field (mT)

FIG. 2. Anomalous Hall resistance hysteresis loop under a sweeping perpendicular field for samples magnetically annealed
at various temperatures.
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coercivity is H, = 0.5 mT. A small departure from 150 °C dampens the PMA, causing the magneti-
zation vector to collapse to the in-plane state at 140 °C or 160 °C. It requires a critical field of 3.8 mT
and 3.2 mT to bring the magnetization to be out-of-plane for the sample annealed at 140 °C and
160 °C, respectively. At and beyond 180 °C, PMA disappears completely, and the system is dom-
inated by in-plane magnetic anisotropy. It would take a perpendicular field of 1.95 T to bring the
magnetization to be out-of-plane. Going forward, we will present our measurement and analysis on
the sample with natural PMA, which is annealed under the optimal condition, i.e., 150 °C.

Next, we present the magnetic switching behavior of the 1.0-nm thick CoFeB under the excitation
of a charge current and an in-plane external magnetic field, B,,s, schematically shown in Fig. 1. The
value of current density presented refers to the IrMn layer. It is calculated considering different
resistivity of each conducting layer using Eq. (1)**

-1
i =, 2] n
frin i Pi PirMnW

I, 1s the total current sent to the sample. w = 20 um is the width of the Hall bar. #; is the thickness
of each conducting layer. p; is the resistivity of each layer.>*> The magnetic state is detected by
measuring the anomalous Hall resistance of the sample. Fig. 3(a) shows the hysteresis loops of Hall
resistance within a current density range of + 6.7 MA/cm?, each under a fixed field B, (0.0,0.5, 1.0,
2.0, 5.0 and 8.0 mT). Fig. 3(b) shows the same loops, except under various negative fixed fields.

An interesting observation in Fig. 3(a) and (b) is that, when |B,| >2.0 mT, the perpendicular
magnetic switching is complete and sharp. However, in the low field range of 0 < IB,y| < 2.0 mT,
the switchings are gradual, nearly continuous, and incomplete. We can compare the two extreme
conditions, switching at B, = 8.0 mT as shown in Fig. 3(c) and at zero field as shown in Fig. 3(d).
In Fig. 3(c), we start the measurement with the current density sweeping from +6.7 MA/cm? to
-6.7 MA/cm?, and then reversing back to +6.7 MA/cm?. The spin-down state with a low Hall resistance
undergoes a switching to the spin-up state at the current density of -1.6 MA/cm?, and in reversing,
switching back to the spin-down state at the current density of 1.8 MA/cm?. Between the binary
stable states, the net change in the Hall resistance change is 1.46 Q (100% switching). Fig. 3(e)
and (g) shows the spin configuration of the binary states at -5 MA/cm? and +5 MA/cm? measured
by magneto-optical Kerr effect (MOKE) microscope. The dark color in Fig. 3(e) and white color in
Fig. 3(g) area are two single domain states, corresponding to spin-up and spin-down.

It is noteworthy that the critical switching current density (averaged at 1.7 MA/cm? under field
above 2.0 mT) in the IrMn/CoFeB system is rather low. The switching current density is on the
order of 10°~107 A/cm? in typical giant spin Hall effect multilayer systems.”~7>!33¢38 The switching
current density in our IrMn system is close to the lowest ones such as: 1.6 MA/cm? in -W system in
Q.Hao et al.’s work and ~1 MA/cm? in Ta system in S.Emori et al.’s work. However IrMn possesses a
moderate spin Hall angle (SHA) of 0.02~0.06,'>202% which is about one order of magnitude smaller
than $-W and 3-Ta. SHA reflects the efficiency of normal current to spin current conversion, which
exerts a spin-transfer torque to switch the perpendicular magnetic moment. According to the work
of K.Lee et al.,* the theoretical relation between the critical switching current density and spin Hall
angle is,

Jo=T2 (=L -2 @)

where J. is the critical switching current density, M the saturation magnetization, ¢z the thickness of
switchable free layer, sy the SHA, Hg . the effective perpendicular anisotropy field, H, the external
field applied along the y-axis. Eq. (2) shows that the J . is inversely proportional to the spin Hall angle.
Given the relatively small SHA, one would expect a much larger J, in this AFM/FM system than
what is observed. The low current density arises possibly from a smaller Hg .y and a higher effective
spin Hall angle. On one hand, the coupling between the AFM and the FM layer leads to a smaller
Hg . in Eq. (2) by providing an exchange bias to the FM layer. The PMA of the FM layer is more
difficult to be established, in the sense that the required magnetic thermal annealing for the attainment
of PMA is effective only within a narrow temperature window. The low coercivity at 0.5 mT as seen
in Fig. 2 is also another evidence of the freely switchable FM layer. On the other hand, studies on
the spin Hall effect of antiferromagnetic shows that the anti-damping torque is largely enhanced with
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FIG. 3. (a) and (b): Hall resistance versus sweeping current density under different external field from + 8.0 mT to + 0.0 mT.
The arrows represent the current sweeping direction. (c) and (d): Hall resistance versus sweeping current under external field
+8.0 mT and 0.0 mT, respectively. (e) to (h): MOKE microscope image of magnetization configuration corresponding states
labeled in (¢) and (d).

an AFM/FM interface compared to those without such interface.’®>> The effective spin Hall angle
in IrMn is as large as 0.22:+0.04. The possible mechanisms behind such enhancements are that the
exchange coupling increases the spin current transparency and induces the additional toque directly
from the interface.”’

As mentioned earlier, when B,,, is reduced to zero, the FM switching becomes gradual, as
shown in Fig. 3(d). Within the J. range of +6.7 MA/cm?, the net change of Hall resistance is 0.62 Q,
compared with the net change of 1.46 Q for a full switching shown in Fig. 3(c) under B,,; = 8.0 mT.
Fig. 3(f) and 3(h) shows the MOKE spin configuration measured at +5 MA/cm?, respectively. Both
states are multidomain states. In Fig. 4(a), red and green color area are the switchable domains with
opposite switching directions by comparing Fig. 3(f) and (h). The rest area remains unchanged in the
switching process.

There are two main reasons for the observed nearly continuous partial switching behavior near
zero external field. First, it is due to the polycrystalline morphology?’ of the AFM IrMn, which is
grown using the technique of magnetron sputtering. Such continuous switching is also observed in
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FIG. 4. (a) Comparison of MOKE images at +5 MA/cm? under zero field (Fig. 3(f) and (g)). The red and green area represent
domains favoring the opposite spin states under the same current. The rest area (light and dark gray) are not switchable in
the switching process. (b) Schematic of a polycrystalline IrMn layer with local exchange biasing field pointing in random
direction. 0 is the angle between the exchange bias direction and the y-axis. (c) and (d) Probability density function of field
along y-axis By when Bjy/exs = 0 and Biyy/exr # 0, respectively. The red area represents the grains that switches from spin-up
to spin down states under a positive current. The green area represents the grains that switches from spin-down to spin-up
states under a positive current. The dashed red area in (c) is the net switching area that can be measured through the Hall
resistance.

other AFM-based systems!®!® and it was found that the number of intermediate states decreases
with the device size and vanishes when the dimension of the device is sub-micrometer.'* The second
reason is the distribution of exchange coupling between the IrMn and the CoFeB layer in different
grains. In our experiment, the Néel point?*8 of IrMn T, which is required for a unidirectional
magnetic anisotropy, is higher than the optimal annealing temperature to obtain PMA in the top 1
nm-thick CoFeB layer. Annealed at T < Ty, the exchange biasing field is confined randomly within
each IrMn crystalline grain.*’ In other words, the biasing field is local and its direction dispersive as
illustrated in Fig. 4(b).

The effective field, coming from the exchange bias and internal/external field, plays the role for
symmetry breaking and determines the switching direction of each grain. To quantitatively describe
the effective field, we make the following assumptions:

a) the magnitude of the bias field within each grain is the same, denoted as Bp;y;-

b) the direction of the bias field within each grain is randomly distributed. The probability dis-
tribution function (PDF) of the angle between the bias field and y-axis is: PDF(0)= ﬁ,
Oel|-nm,nm].

c) the switching of a grain happens when the effective field along y-axis within the grain is beyond
a threshold By.

d) the field besides the exchange bias field along y-axis is Bj,/ex, Which includes both the applied

external field and internal field generated from the structure.

Under these assumptions, the total field along the y-axis is given by By, = Bpjus c0s 6 + Bjyjex and
the PDF of By through the probability transformation is as follow:

1 1
PDF(By = Bypigs cos 0 + Bint/ext) = ; s By € (—=Bypias, Bpias) 3)

By—=Bint/ex 2
Bpiasr| 1 — (‘—f/')

Bbias
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Local magnetic switching occurs in grains when |B| > By. Under a sufficient positive current,
the grains with By > By would favor spin down states, and vice versa. The area of the red and green
ones in Fig. 4(c) and Fig. 4(d) represents the number of grains switching in opposite direction. When
Bintrexr = 0, switching in opposite directions cancels each other and macroscopically no switching
is observed. When Bj/y 1S non-zero, the small internal or external field along y-axis breaks the
symmetry of By as shown in Fig. 4(d). This would create an imbalance (the dashed red area) between
grains favoring spin-up states (red area) and spin-down states (green area), which is consistent with
our observation in Figure 4(a).

According to our models, the direction of switching is determined by the direction of Bjyt/x:. The
switching at zero external field indicates the existence of a weak internal field besides the exchange
bias in our system. The switching direction in Fig. 3(a) and Fig. 3(b) at zero external field shows
that the direction of the field is history dependent and the same as the magnetization direction of
the bottom CoFeB layer. One possible origin of such internal field is the “orange peel” coupling.
According to the Néel model in trilayer systems, the magnitude of “orange peel” coupling field is
given in Eq.(4).414

_T s -2V2rtnp /A
Hy = \/Q(ltFM )Mse 4)
In our system, tpy = Inm and txy = 3nm are the thickness of the free ferromagnetic layer CoFeB and
the non-magnetic layer IrMn, respectively. 47 = 8.0 A and A = 98 A are the peak-to-peak amplitude
and the wavelength of the sinusoidal roughness profile estimated from data and TEM images in
literature.*> Mg = 848 emu/cm? is the saturated magnetization of the free ferromagnetic layer. The
Néel Field Hy is estimated to be 2.5 mT. In the high field range, the external field is large enough
that B, within all the grains are beyond By. All the grains switches in the same direction, leading
to a transition from incomplete switching to complete switching at Bey = 2.0mT in our experiment.
According to Eq. (2), when -Bpiss + Binvext = Bo, the switching becomes complete. By, is estimated
to be < 4.5mT.

In conclusion, we study the current induced magnetic switching through the SHE in an
FM/AFM/FM system (CoFeB/IrMn/CoFeB), from which we observe interesting magnetic switching
behavior in the top CoFeB layer exhibiting PMA after proper magnetic thermal annealing. Under
a high external field above 2.0 mT, the switching is complete and abrupt, and the required critical
switching current density is low on the order of 1 0° A/cm?, a benefit of the AFM. However, under zero
or a low field less than 2.0 mT, the switching is incomplete and nearly continuous under a sweeping
current. MOKE microscope image indicates the local dispersive exchange biasing fields within the
crystalline grains of the AFM IrMn layer plays a role. Similar to other non-magnetic metals with
SHE, antiferromagnetic alloys can also be employed as sources of spin current. One caveat is the
random distribution of the local biasing field. Approaches to establish a net biasing field even at zero
external field would lead to field-free current induced complete switchings in FM/AFM/FM systems.
The “orange” coupling field, if sufficient, can be such an agent. Alternatively, AFMs with Néel point
comparable with the optimal annealing temperature could be good candidates for this purpose.

The work was supported by National Science Foundation through Grants No. DMR-1307056,
King Abdullah University of Science and Technology (KAUST), Nanoelectronics Research Initiative
(NRI) through the Institute for Nanoelectronics Discovery and Exploration (INDEX), and the National
Key R&D Program of China through Grant No. 2017YFA0303202.
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