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The antiferromagnet- (AFM-)ferromagnet (FM) interfaces are of central importance in recently
developed pure electric or ultrafast control of FM spins, where the underlying mechanisms remain
unresolved. Here we report the direct observation of an Dzyaloshinskii-Moriya interaction (DMI) across
the AFM-FM interface of IrMn/CoFeB thin films. The interfacial DMI is quantitatively measured from the
asymmetric spin-wave dispersion in the FM layer using Brillouin light scattering. The DMI strength is
enhanced by a factor of 7 with increasing IrMn layer thickness in the range of 1-7.5 nm. Our findings
provide deeper insight into the coupling at the AFM-FM interface and may stimulate new device concepts
utilizing chiral spin textures such as magnetic Skyrmions in AFM-FM heterostructures.
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Control of spins in ferromagnet (FM) utilizing antiferro-
magnet (AFM) is an emerging branch of spintronics [1-5].
By placing an AFM layer adjacent to the FM layer, the unique
electric, magnetic, and transport properties of the AFM may
be used to control the FM layer via interfacial coupling.
Conventionally, the AFM layer has mostly played a passive
role in device operations by either improving the hardness of
FM via exchange bias [6-8] or enhancing spin current
transport from FM layer [9-13]. More recently, the AFMs
have been used as active control elements, leading to
promising breakthroughs in the electric and ultrafast control
of FM spins. For instance, electric current-induced magneti-
zation switching of FMs without an external magnetic field
has been realized in the AFM-FM systems [1-4]. These
pioneering experiments have been shown to generate the
pure spin current in the AFM or at the AFM-FM interface
[1,2,14-16] and to utilize the exchange bias to break the
switching symmetry [1-4]. Moreover, coherent spin pre-
cession in the FM layer can be effectively excited by an
ultrafast spin-exchange-coupling torque across the AFM-FM
interface [5]. The laser pulse perturbs the AFM spin arrange-
ment, which in turn generates an intense and nonthermal
transient torque acting on the FM spins. Despite these
promising achievements, certain limitations such as the
incomplete magnetization switching by current remain in
the AFM-FM system. Thus, elucidating interaction mecha-
nisms across the AFM-FM interface is not only important
from a scientific point of view, but also of great technologic
relevance.

In heterostructures with broken spatial inversion sym-
metry, the interfacial Dzyaloshinskii-Moriya interaction
(DMI) has been identified as an important mechanism
leading to a host of interesting phenomena. The DMI
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promotes noncollinear spin alignments and determines
the chirality and dynamics of chiral spin textures [17-19].
For instance, the DMI stabilizes the magnetic Skyrmions
and domain walls in the Néel configuration with certain
chirality and lends a mechanism for driving Skyrmion and
domain wall motion via spin torques [20-25]. Similarly, the
DMI likely contributes to the current-induced magnetization
switching in the AFM-FM systems, because such switching
may occur via magnetic domain nucleation followed by
spin-torque-driven domain wall propagation [16,26-28].
However, no direct experimental observation of the DMI
across the AFM-FM interface has been reported previously.

In this Letter, we report quantitative measurements of
the interfacial DMI in IrMn/CoFeB/MgO multilayer thin
films. The DMI coefficient D is obtained from the
asymmetric spin wave dispersion in the CoFeB layer
probed with Brillouin light scattering (BLS). D is inversely
proportional to the CoFeB thickness, indicating the inter-
facial nature of the observed DMI. On the other hand, the
coefficient D continuously increases in magnitude by a
factor of 7 when the IrMn layer thickness increases from 1
to 7.5 nm. There are important differences as well as
similarities between the DMI in the AFM-FM system
reported here and that in heavy metal (HM)-FM bilayers
investigated extensively in recent years [29—40]. Our
discovery is in synergy with many on-going activities
exploring analogous phenomena between HM-FM and
AFM-FM bilayers [1,2,14-16]. The rich interaction phe-
nomena in the AFM-FM systems may enable effective
control of magnetic Skyrmions and domain walls.

A series of IrpMngg(t)/CorFegoBoyy(2)/MgO(2)/
Ta(2) thin films was deposited by magnetron sputtering
at room temperature on thermally oxidized silicon
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substrates, where the subscript represents the percentage of
each element in the alloyed layer and the numbers in
parentheses denote the nominal layer thicknesses in
nanometers. Moreover, Ir(5)/CoFeB(1.2)/MgO/Ta and
IrMn(5)/CoFeB(0.8 — 2, wedge)/MgO/Ta thin films
were prepared under the same conditions. Following the
deposition, all multilayer thin films were further annealed
at 250 °C for 30 min. For the field cooling purpose, an in-
plane magnetic field of 6 kOe was applied during the
annealing procedure to establish in-plane exchange bias
(EB) in the IrMn/CoFeB thin films. The IrMn layer
is polycrystalline and likely exhibits a noncollinear anti-
ferromagnetic spin alignment as suggested by spin-orbit
torque measurements [14,16] and neutron diffraction stud-
ies [41] on similar samples.

We measured the spin wave dispersion in the CoFeB layer
using BLS in a geometry shown in Fig. 1(a)[36]. An in-plane
magnetic field H was applied along the z axis in all
measurements. A laser beam with s-linear polarization was
incident on the sample, and the p-polarized component of the
backscattered light was collected and sent to a Sandercock-
type multipass tandem Fabry-Perot interferometer. In the
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FIG. 1. (a) Schematics of BLS experiment and possible atomic
arrangement at the interface. (b) BLS spectra for DE spin waves
recorded at a fixed incident angle with & = 16.7 rad/um under
oppositely oriented external magnetic fields H. The solid lines
represent fittings with Lorentzian functions.

light scattering process, the total momentum is conserved in
the plane of the thin film. As a result, the Stokes (anti-Stokes)
peaks in BLS spectra correspond to the creation (annihilation)
of magnons with wave vector |k| = (47 /1) sin @ along the
—x (4x) direction as illustrated in Fig. 1(a), where A=532nm
is the laser wavelength, and 6 refers to the incident angle of
light. In order to reduce the uncertainty in k, the laser beam
was barely focused and an additional spatial filter was placed
in the signal collection path. Each BLS spectrum was taken
with 17 GHz free spectrum range with 400 channels, and
accumulated over 20 min. A high signal-to-noise ratio of the
measured BLS spectra is critical for accurately determining
the measured spin wave frequency. The high quality of
CoFeB with a Ta seed layer may have contributed to the
strong magnon signal [35].

The spin waves probed here are Damon-Eshback (DE)
modes with propagation directions perpendicular to H (M).
The spin wave dispersion is described by [30,31]
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where H.; = |H + Hgg| is the magnitude of the effective
field by adding the vectors of external field H and the
equivalent field induced by exchange bias Hgp, ¥ is the
gyromagnetic ratio, A is the exchange stiffness constant,
E(kL) = 1 — (1 — e I¥1) /|kL| with L the CoFeB thickness,
K| is the interfacial magnetic anisotropy which mainly
originates from the CoFeB/MgO interface, &(Hgg,
K|, k) describes a correction in frequency as discussed
below, and D is the DMI coefficient. Both D and k can be
positive or negative values in the formula. Detailed justifi-
cations of Eq. (1) can be found in the Supplemental Material
[42]. In Eq. (1), the first term on the right-hand side describes
the spin wave dispersion under mean-field approach and
without DMI, which is even in k. The second term originates
from the nonreciprocity of the DE mode spin waves in the
presence of interfacial magnetic anisotropy K | and EB. The
spin waves propagating along the —x (+x) direction, as
illustrated in Fig. 1(a), localize near the top (bottom) surface
of the CoFeB layer. Consequently, the spin waves propa-
gating along the —x (4-x) direction experience a stronger K |
(EB), leading to an additional frequency correction as
denoted by e(Hgg, K |, k). Our experiment and simulation
show this second term is much smaller than the DMI effect in
samples with a 2.5 nm or thicker InMn layer (see
Supplemental Material [42]). We take into account this
second term explicitly in all analyses of DMI. Most impor-
tantly, the third term accounts for the frequency difference
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between counterpropagating spin waves induced by DMI
and is odd in k.

Interfacial DMI in the AFM-FM heterostructure is
manifested in the lifted chiral degeneracy of the DE spin
waves in the CoFeB layer. Figure 1(b) shows typical
BLS spectra for the DE spin waves from the
IrMn(5)/CoFeB(2) thin film subject to H fields with
opposite directions. The most prominent feature is that the
frequencies of the Stokes and anti-Stokes peaks (the spin
waves with the same |k| but opposite chirality) are
different, while such frequency difference changes its

|

sign upon reversing the H direction. The asymmetric
shift in DE spin wave dispersion is consistent with the
frequency shift due to DMI as described by the third term
in Eq. (1).

To quantify the DMI coefficient D, momentum-resolved
BLS measurements were performed by varying the light
incident angle [30-37,43]. Figure 2(a) shows the asym-
metric spin wave dispersion at the IrMn(5)/CoFeB film
under opposite H, which can be well fitted with Eq. (1).
According to Eq. (1), we can simplify the determination of
D by subtracting the two spectra.

{[f (kM) —f(k.M.)| = [f(=k.—M.) - f(k.—M_)]} _ 2

fdm: )

where Ae(k) = e(Hgg, K|, k) — e(Hgg, K|, —k) is much
smaller than the first term (2y /zM ) Dk in our samples with
IrMn thickness #1p, = 2.5 nm [42]. This subtraction also
removes a possible instrument frequency offset between the
Stokes and anti-Stokes peaks. According to Eq. (2), one
expects an linear correlation between f4,, and k, and the
slope can be used to determine D after correcting for Ae(k).
The experimental observation in Fig. 2(b) (red data points
and linear fit) is consistent with Eq. (2). The negative slope
indicates that D < 0 and the left-handed magnetic chirality
is preferred in the IrMn(5)/CoFeB(2) film [36].

To rule out the possibility that the observed interfacial
DMI could simply arise from Ir atoms, we measured a control
sample Ir/CoFeB as shown in Fig. 2(b). The signs of the D in
Ir/CoFeB (black data points and linear fit) and IrMn/CoFeB
(red) are opposite. This clear difference suggests that the
interfacial DMI observed in the samples with an IrMn layer is
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FIG. 2. (a) The asymmetric spin wave dispersion under

oppositely oriented H at IrMn(5)/CoFeB(2). Solid lines
refer to fitting with Eq. (1). (b) The linear dependence
of faqn on k in IrtMn(5)/CoFeB(2) (red) and Ir(5)/
CoFeB(1.2) (black) samples. (c) The D as a function of
1/tcopes at IrMn/CoFeB(wedge)/MgO. The solid lines refer
to the least square fits.
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strongly influenced by the Mn atoms [illustrated in Fig. 1(a)],
instead of originating from the contribution of Ir atoms alone.
Previous experiments on the HM-FM bilayer have reported
DMI constants with opposite signs in similar HM-FM
bilayers [37-40]. We note that the DMI sign for our
Ir/CoFeB/MgO sample is opposite to that measured by
Kim et al. in Ir/Co/AlOx thin films [37]. Theoretical
calculations show that DMI changes sign for Ir/Co and
Ir/Fe due to the modification of 3d-5d hybridization near the
Fermi level [44]. In our CoFeB alloys, the higher percentage
of Fe may have led to the predicted DMI sign change from
Ir/Co/AlOx thin films. Different from the previous experi-
ments on HM-FM systems [37-40], the DMI sign change
observed here between Ir/CoFeB and IrMn/CoFeB is
caused by Mn atoms with AFM spin alignment.

We demonstrate that the measured DMI is an interfacial
effect by studying the CoFeB thickness dependence. In
many previous studies on magnetic multilayers, the inverse
proportionality to the FM thickness is considered as
evidence for interfacial effects. Examples include EB
[45] and interfacial magnetic anisotropy [46]. Similarly,
an inverse proportionality between the D and fcyp.p 1S
observed in the IrMn(5)/CoFeB (wedge) thin film as
shown in Fig. 2(c).

Next, we show that such interfacial DMI is enhanced by
increasing the thickness of the IrMn layer. Figure 3(a)
displays the k dependence of f4, in a series of samples
where the IrMn underlayer thickness 1y, is increased from
1-7.5 nm. As tj, increases, the slope of the linear fitting
increases in magnitude. To investigate the origin of the
asymmetric frequency shift of spin waves in the series of
samples, we measured the systematic changes of various
magnetic parameters for all samples and summarized
results in Table I including the extracted D values.
Notably, the M ¢ varies only slightly among samples, and
the contribution from the second term in Eq. (1) remains
small [42]. Thus, we conclude that the observed changes in
spin wave dispersion originate from the increased D in thin
films with a thicker IrMn layer as shown by Fig. 3(b).
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FIG. 3. (a) The linear dependence of f4,, on k for a series of
IrMn/CoFeB(2) thin films with different IrMn thicknesses.
(b) The magnitude of the DMI coefficient D increases with
larger IrMn thickness. The negative value of D shows that left-
handed chirality is favored in this material system.

The dependence of DMI on the AFM thickness in AFM-
FM is rather different from that on the HM thickness in
HM-FM systems. In the HM-FM systems, theoretical and
experimental studies on HM thickness dependence suggest
that the contribution to DMI is dominated by the spin-orbit
coupling of the first atomic layer of HM at the HM-FM
interface and extends weakly away from the interface
[29,36,47]. Empirically, the DMI increases with larger
tym but quickly saturates when fy; approaches the spin
diffusion length in the HM (e.g., ~2 nm for Pt) [29]. The
situation in an AFM-FM heterostructure, however, is more
complicated. As observed here, the DMI keeps increasing
with a thicker IrMn layer even to the thickness range where
fivn 1S approximately 1 order of magnitude larger than
IrMn’s spin diffusion length (~0.7 nm) [48].

We speculate that the surprising enhancement of D with
increasing IrMn layer thickness beyond the IrMn’s spin
diffusion length is correlated with the AFM spin arrange-
ment of [rMn. In a thicker IrMn layer, thermal fluctuations of
the AFM spin arrangement have been suppressed as

suggested by other types of experiments on ultrathin
IrMn/FM films. For instance, it has been experimentally
demonstrated that the AFM grain size increases and the
number of unstable grains is reduced in a thicker IrMn layer,
leading to an enhanced thermal stability of the AFM order in
the IrMn thin film [6,49]. Moreover, less fluctuations of the
AFM spin arrangement in a thicker IrMn layer are suggested
by the increase of magnetic order transition temperature via
spin pumping experiments in NiFe/Cu/IrMn thin films [9],
and by EB and coercivity measurements in IrMn/FM thin
films [6,50]. In view of the experimental challenges to
directly probe AFM spin arrangements in nm-thick [rMn
layers and quantify their fluctuations, further theoretical
studies are necessary to articulate the relation between AFM
spin arrangement and the observed DML

One substantial benefit in utilizing an AFM layer instead
of a HM layer in the multilayer structures is to replace the
external magnetic field application with EB, which has
led to many technology advancements [1,2]. Thus, we
investigated the possibility of establishing EB in the
same films where DMI is observed. We performed the
magneto-optical Kerr effect (MOKE) experiments to mea-
sure the EB values through in-plane magnetic hysteresis
loops for the IrMn () /CoFeB(2) samples with different
tivn (data included in the Supplemental Material [42]). The
values of the EB are summarized in Table I. The EB is only
clearly established in samples with t;, >4 nm. The
observation of an enhanced EB in samples with a thicker
tMn layer is consistent with other reports [6,50].

The observed increase of the DMI and EB with thicker
IrMn layers in our experiments should not be interpreted as
a causal relation between the DMI and EB as suggested by
recent theoretical studies [41,42]. One clear evidence is that
the DMI remains almost unchanged between IrMn/CoFeB
samples with and without EB (i.e., with and without field
cooling, see Supplemental Material [42]). Although both
the DMI and EB are related to the AFM spin arrangement,
EB originates from the pinned uncompensated spins of
IrMn which is only 4%—6% of the interfacial AFM spins
[51]. This lack of strong correlation between the DMI and
EB offers an opportunity to optimize these parameters
somewhat independently for device applications.

In conclusion, we directly observed and quantitatively
evaluated the interfacial DMI in IrMn/CoFeB/MgO multi-
layer thin films. The DMI is enhanced by a factor of 7

TABLE 1. Magnetic parameters determined on different samples. Ae = e(Hpg, K |, k) —e(Hpp, K|, —k) @
k =16.7 rad/pum.

IrMn thickness (nm) 1 2.5 4 5 6 7.5
D(/,tJ/mz) [k-BLS] 18 +4 61 £5 70+ 6 86+ 6 101 £8 134 £ 10
Mg (emu/cm?) [VSM] 991 + 50 909 + 45 940 + 47 995 + 50 970 + 48 908 + 45
2K, /Mg (kOe) [H-BLS] 2.89+£0.62 2.19+0.55 242+0.57 2.88+0.62 2.67+0.58 2.17+0.54
A(IO_6 erg/cm) k-BLS]  3.17+0.32 286+045 2904034 325+025 2.754+032 2.24+043
Ae (GHz) [Simulation] —0.0084 —0.0064 —0.0070 —0.0083 —0.0077 —0.0063
Hgp (Oe) [MOKE] 0+10 0£10 10+ 10 25+ 10 77+ 10 350+ 10
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by increasing the IrMn thickness well beyond the spin
diffusion length, overcoming a bottleneck for improving
DMI via increasing the HM layer thickness in the HM-FM
bilayers. We suggest that the enhanced D in a thicker [rMn
film originates from less fluctuations of the AFM spin
arrangement in the IrMn layer suggested by other experi-
ments. The microscopic origin of DMI in the AFM-FM
system is likely different from that in the HM-FM systems.
Our finding may help interpret the incomplete switching
of magnetization driven by electric current in the
IrMn(PtMn) /FM systems [1,2], where an enhanced DMI
with a thicker AFM layer raises the threshold of the EB
induced field required for a complete swiching [26]. To
explore AFM-FM systems for engineering chiral spin
textures, the magnitude of DMI needs to be further
increased by exploring alternative AFM-FM materials.
By adding interfacial DMI as a control parameter, a
judicious optimization of a number of coupling mecha-
nisms in AFM-FM systems (e.g., DMI, EB, and spin
torques) may enable improved spintronic devices.
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