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Highly efficient voltage control of spin and enhanced
interfacial perpendicular magnetic anisotropy in
iridium-doped Fe/MgO magnetic tunnel junctions

Takayuki Nozaki1,9, Anna Kozioł-Rachwał1,2,9, Masahito Tsujikawa3,4,9, Yoichi Shiota1, Xiandong Xu5,
Tadakatsu Ohkubo5, Takuya Tsukahara6, Shinji Miwa6,7, Motohiro Suzuki8, Shingo Tamaru1, Hitoshi Kubota1,
Akio Fukushima1, Kazuhiro Hono5, Masafumi Shirai3,4, Yoshishige Suzuki1,6,7 and Shinji Yuasa1

Voltage control of spin enables both a zero standby power and ultralow active power consumption in spintronic devices, such as

magnetoresistive random-access memory devices. A practical approach to achieve voltage control is the electrical modulation of

the spin–orbit interaction at the interface between 3d-transition-ferromagnetic-metal and dielectric layers in a magnetic tunnel

junction (MTJ). However, we need to initiate a new guideline for materials design to improve both the voltage-controlled

magnetic anisotropy (VCMA) and perpendicular magnetic anisotropy (PMA). Here we report that atomic-scale doping of iridium in

an ultrathin Fe layer is highly effective to improving these properties in Fe/MgO-based MTJs. A large interfacial PMA energy, Ki,0,

of up to 3.7 mJ m−2 was obtained, which was 1.8 times greater than that of the pure Fe/MgO interface. Moreover, iridium

doping yielded a huge VCMA coefficient (up to 320 fJ Vm−1) as well as high-speed response. First-principles calculations

revealed that Ir atoms dispersed within the Fe layer play a considerable role in enhancing Ki,0 and the VCMA coefficient. These

results demonstrate the efficacy of heavy-metal doping in ferromagnetic layers as an advanced approach to develop high-density

voltage-driven spintronic devices.
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INTRODUCTION

Spintronic devices, such as a magnetoresistive random-access memory

device using a MgO-based magnetic tunnel junction (MTJ),1,2 are

expected to reduce the standby power of future computing systems by

utilizing the non-volatile feature of magnetism. However, one

significant challenge emerges from reducing the energy for informa-

tion writing: magnetization switching. This issue is caused by electric-

current-based operations of spintronic devices using electric-current-

induced magnetic fields, spin–transfer torque (STT) and spin–orbit

torque based on the spin Hall effect rather than the electric-field-based

operations presently used for semiconductor devices. For example,

recent developments of STT-magnetoresistive random access memory

have achieved ~ 100 fJ per bit writing energies,3 which corresponds to

107 kBT, where kB is the Boltzmann constant and T is the temperature

(assumed to be 300 K here). In contrast, the energy required for

maintaining magnetic information, that is, thermal stability, is

between 60 kBT and 100 kBT. This large energy gap between

data writing and retention, on the order of 105, mainly originates

the unwanted energy consumption arising from the Ohmic dissipation

of electric-current flow. Overcoming this fundamental issue

requires the development of electric field manipulation of

magnetization.

Among various approaches to the electric field manipulation of

magnetism,4 the voltage-controlled magnetic anisotropy (VCMA)

effect in a 3d transition ultrathin ferromagnetic metal layer has

attracted much attention as a promising solution.5,6 The achievement

of the VCMA effect in MgO-based MTJs7 and the demonstration of

high-speed responses, such as voltage-induced ferromagnetic reso-

nance (FMR) excitation,8,9 spin-wave excitation10 and dynamic

magnetization switching,11–14 have brought great changes to research

in this field. Modulations of the Curie temperature,15 domain wall

propagation,16,17 interfacial Dzyaloshinskii–Moriya interaction18 and

proximity-induced magnetism19 have also been demonstrated. These

results indicate the feasibility of constructing voltage-driven spintronic

devices, such as voltage-torque magnetoresistive random access

memory devices.20
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The VCMA effect is observed at the interface between an ultrathin

ferromagnetic metal and dielectric layers. This effect can be induced by

purely electronic effects and by chemical or mechanical effects. The

physical mechanisms of the purely electronic VCMA effect have been

interpreted as the modification of the electronic structure at the

interface through charge accumulation/depletion,21–23 an electric-

field-induced magnetic dipole24 or the Rashba effect.25 Chemical

effects, such as a voltage-induced redox reaction,26 or other

electromigration27 or charge trapping28 effects can show a substantial

VCMA coefficient of the order of a few thousands of fJ Vm− 1, which

is defined as the induced surface anisotropy energy change per unit

electric field. However, these mechanisms have drawbacks of limited

operational speed and writing endurance. In contrast, for purely

electronic VCMA effects, high-speed response with a sub-nanosecond

timescale have already been demonstrated. However, the currently

achieved amplitude of the VCMA coefficient of the purely electronic

effect with high-speed response is insufficient (~100 fJ Vm− 1).29,30 For

example, reversing the magnetization of a film with effective perpen-

dicular magnetic anisotropy (PMA) energies of 0.2–0.5 and 0.5–

2.0 mJ m− 2, which correspond to the targets for cache and main-

memory applications, requires VCMA coefficients exceeding 200–

500 fJ Vm− 1 and 500–2000 fJ Vm− 1, respectively, assuming an applied

electric field of 1 V nm− 1 (see Supplementary Information S1). As the

purely electronic VCMA effect originates from the modification of the

electronic structure at the interface, as mentioned above, an enhance-

ment in the interfacial magnetic anisotropy, Ki,0, can be a basic

guideline to enhance both the PMA and VCMA effects.

First-principles calculations predict that the utilization of high spin–

orbit interactions in heavy metals will enhance these properties.23,31 A

few experimental attempts of interface engineering by heavy-metal

insertion at a CoFe-based film/MgO interface have been reported;

however, a large VCMA coefficient over 100 fJ Vm− 1 with enhanced

interfacial PMA has not yet been achieved.30,32,33 Iridium (Ir) is a

promising candidate for this purpose, because it has a huge spin–orbit

coupling constant that is more than 10 times larger than those of iron

and cobalt.31 For example, high interfacial PMA with a positive Ki,0

value of 1.5 mJ m− 2 has been reported for Ir/Co(111) multilayers.34

However, it is not easy to directly apply this interface in a voltage-

driven MgO MTJ, because the mismatched interface band between Co

(111) and MgO(001) degrades the coherent tunneling properties. In

this study, we demonstrate that the introduction of an Ir-doped

ultrathin Fe(001) layer can be used as a novel approach to improve the

interfacial PMA and VCMA effects in Fe/MgO MTJs.

EXPERIMENTAL PROCEDURES
Multilayered structures consisting of MgO seed (3 nm)/Cr buffer (30 nm)/

ultrathin Fe (tFe)/Ir doping layer (tIr)/MgO (2.5 nm)/top electrodes were

prepared on MgO(001) substrates by a combination of molecular beam epitaxy

and sputtering techniques. The MgO(001) seed and Cr(001) buffer layers were

deposited at 200 °C, followed by annealing at 800 °C. The ultrathin Fe(001)

layer was grown at 200 °C and annealed at 260 °C. After the substrate cooled,

the Ir doping layer and MgO (001) barrier were deposited at room temperature,

followed by annealing at 350 °C. The MgO surface was capped by a sputter-

deposited 30 nm-thick ITO electrode to evaluate the magnetic properties or by

a 30 nm-thick Cr for scanning transmission electron microscopy observation.

For the VCMA experiments, a 10 nm-thick Fe top electrode was deposited at

200 °C, followed by capping with Ta/Ru layers. The nominal Fe and Ir

thicknesses were varied in the ranges of 0.5 nm ≤ tFe ≤ 1.4 nm and 0 ≤ tIr ≤

0.15 nm, respectively.

The MTJ devices were prepared by conventional optical lithography, ion-

milling and lift-off processes. The cross-sectional area of the junction was

2× 6 μm2. The resistance-area product of the MTJ was designed to be

~ 600 kΩ μm2. Because of the high sample resistance, the maximum current
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Figure 1 (a) Schematic illustration of the prepared junction structure. An Ir-doped ultrathin Fe layer was formed by interdiffusion under an annealing process

from the Fe/Ir bilayer structure (see details in the main text). (b) Atomic-scale Z-contrast high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) imaging of the Ir-doped Fe layer. Substitutional doping of Ir in the bcc-Fe(001) layer is confirmed, as indicated by the yellow

arrows. (c) Cross-sectional energy dispersive X-ray spectroscopy (EDS) maps and (d) intensity profiles of Cr, Mg, Fe and Ir elements for the Cr (30 nm)/Fe

(1.0 nm)/Ir (0.05 nm)/MgO (2.5 nm)/Cr capping structure. (e) Nanobeam electron diffraction taken from the Ir-doped ultrathin Fe layer.
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density flowing in the MTJ under the maximum bias voltage application

(±800 mV) was ~ 1× 102 A cm− 2, which is small enough to exclude the

influence of electric-current-induced torque, such as a current-induced

magnetic field or STT.

RESULTS AND DISCUSSION

An ultrathin Ir doping layer was inserted between the Fe and MgO

layers. However, we found that Ir atoms were dispersed into the Fe

layer through an interdiffusion process during the post-annealing of

the MgO layer. Figure 1a and b shows a schematic illustration of the

prepared junctions and high-angle annular dark-field scanning trans-

mission electron microscopy images of magnified area inside the Ir-

doped Fe layer for the sample with tFe= 1.0 nm and tIr= 0.05 nm.

Atomic-scale Z-contrast high-angle annular dark-field scanning trans-

mission electron microscopy imaging enabled the identification of

interdiffused Ir atoms as bright spots indicated by the yellow arrows.

As seen in the energy dispersive X-ray spectroscopy elemental

mappings for Cr, Mg, Fe and Ir shown in Figure 1c, the dispersion

of Ir atoms into the ultrathin Fe layer is clearly confirmed. This result

is also clarified in the intensity profile shown in Figure 1d, where the

signal intensity for each element was adjusted to ensure the visibility of

the shapes of the profiles. It is noteworthy that the shapes of the

intensity profiles for Fe and Ir in Figure 1d are almost identical,

suggesting the formation of a rather uniform FeIr solid solution. The

high-angle annular dark-field scanning transmission electron micro-

scopy image and nanobeam electron diffraction pattern in Figure 1e

indicate the substitutional replacement of Fe by Ir atoms in bcc-Fe (see

also Supplementary Information S2). The concentration of Ir is

roughly estimated to be between 6 and 15% for tIr= 0.05 nm, and

12 and 21% for tIr= 0.15 nm.

The magnetic properties of the system were characterized by

magneto-optic Kerr effect measurements. Figure 2 shows the magnetic

hysteresis loops in the out-of-plane direction measured by polar-

magneto-optic Kerr effect measurements as a function of tFe for

different Ir doping layer thicknesses. As shown in Figure 2a, we noted

PMA in the tFe range from 0.5 to 0.9 nm for Cr/Fe/MgO; this result is

attributed to Fe/MgO interfacial anisotropy.35,36 The critical thickness

of Fe, for which a spin reorientation transition (SRT) from the out-of-

plane to in-plane direction occurs, was determined to be 0.9 nm. The

Ir doping in the ultrathin Fe layer has a distinct influence on the
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Figure 2 Fe thickness dependence of the polar-magneto-optic Kerr effect (MOKE) hysteresis curve for structures (a) without Ir, (b) with tIr=0.05 nm, (c) with

tIr=0.10 nm and (d) with tIr=0.15 nm.
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magnetic properties of the system, as illustrated in Figure 2b-d. A key

aspect of the observed tendency is that the out-of-plane easy axis

becomes stable even in thicker Fe layers by Ir doping.

First, zero-remanence loops for the polar configuration were noted

for very thin Fe layers, which indicates that in-plane anisotropy

dominates for very thin Fe layers (see also Supplementary Information

S3). After the appearance of full remanence in the perpendicular

configuration, that is, the out-of-plane magnetic easy axis, an SRT

from the out-of-plane to in-plane direction was observed. For the

sample with Ir doping, two critical thicknesses can be defined: first,

tFe,SRT1, where the SRT from the in-plane to out-of-plane direction

occurs with increasing tFe and a second, tFe, SRT2, above which

magnetization of the Fe layer is aligned along the easy Fe[001] in-

plane direction. The Fe thickness range for which the perpendicular

magnetization direction occurs is shifted toward the thicker range

when the Ir thickness is increased from 0.05 nm to 0.15 nm. For

example, while tFe,SRT1= 0.6 nm and tFe,SRT2= 1.05 nm were noted for

tIr= 0.05 nm, and tFe,SRT1= 0.9 nm and tFe,SRT2= 1.25 nm were regis-

tered for tIr= 0.15 nm. These results show that the PMA effects for

thicker Fe films were enhanced by Ir doping.

We examined the magnetic properties of the system quantitatively

by performing complementary measurements using a superconducting

quantum interference device magnetometer. The following discussion

assumes an effective magnetic dead layer (td) with a thickness of

0.09 nm, which can be estimated from the nominal Fe thickness

dependence of the magnetic moment (see Supplementary Information

S4). The existence of the td is mainly attributed to intermixing at the

Cr/Fe interface;36,37 we observed no clear changes in the td with

changes in the inserted Ir thickness. Figure 3a shows the tIr
dependence of the saturation magnetization (MS) for a fixed

tFe= 1.0 nm. Here we assumed the total thickness of the free layer

to be ttotal= tFe+tIr− td. Ir doping caused a monotonic reduction in the

MS value. We also confirmed the induced magnetic moment in Ir,

whose spin moment couples in parallel with that of Fe, by X-ray

absorption spectroscopy and XMCD measurements (see

Supplementary Information S5).

Figure 3b presents the Keffttotal dependences on ttotal obtained for

tIr= 0.05 nm (red dots) and 0.15 nm (blue open circles) as examples,

where the effective anisotropy constants (Keff) were extracted from the

superconducting quantum interference device measurements. For

comparison, data for the Cr/Fe/MgO structure (open black circles)

are also shown in the same graph.36 The Keffttotal values (red crosses)

evaluated from the magneto-optic Kerr effect hysteresis loops in the

thinner Fe ranges for tIr= 0.05 nm are shown here as well. Positive Keff

ttotal values indicate the out-of-plane magnetic easy axis. The effective

magnetic anisotropy energy (MAE) density, Keff, can be expressed by

the phenomenological expression,

Keff ¼ KV � 1

2
m0MS

2

� �

þ K i;0

ttotal
ð1Þ

where KV and MS are the volume anisotropy and saturation

magnetization, respectively. By plotting Keffttotal as a function of ttotal,

Ki,0 and KV can be estimated from the y-intercept and slope,

respectively. The Ir doping layer thickness dependences of Ki,0 and

KV are summarized in Figure 3c. An extremely large Ki,0 value of

3.7± 0.2 mJ m− 2 is obtained for tIr= 0.05 nm. This value is ~ 1.8

times greater than that observed in the pure/MgO interface

(2.0 mJ m− 2).35,36 Further doping of Ir leads to a reduction in this

value; however, even at tIr= 0.15 nm, the Ki,0 value is still greater than

that for the sample without Ir doping. It should be emphasized that no

PMA was observed at the Cr/Ir-doped Fe interface (see Supplementary

Information S6), similar to the Cr/Fe structure.36 Therefore, the

observed large Ki,0 value mainly comes from the top Ir-doped Fe/MgO

single interface.
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Figure 3 (a) Ir doping layer thickness, tIr, dependence of the saturation

magnetization values for a fixed tFe=1.0 nm. (b) The ttotal dependences of

Keffttotal for junctions with various Ir thicknesses. The colored circles

represent the data obtained from the superconducting quantum interference

device (SQUID) measurements. The red crosses represent the evaluated

Keffttotal from the polar-MOKE measurements in the thinner Fe regime for

tIr=0.05 nm. The filled stars and open black circles exhibit the results

obtained from the TMR measurements for the samples with tIr=0.05 nm

and without the Ir doping layer, respectively. (c) The tIr dependences of the

interfacial magnetic anisotropy, Ki,0, and volume magnetic anisotropy, KV.

The lines are guides to the eye.
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We performed first-principles density-functional calculations (see

Supplementary Information S7 for details on the calculation condi-

tions) to achieve a better understanding of the observed enhancement

in Ki,0. Interfacial magnetic anisotropy in Fe(Co)/Ir multilayer

structures has been discussed in previous works;31,38,39 however, the

PMA induced by band hybridization among Fe, Ir and MgO should be

very sensitive to the surrounding environment. Here we sought a more

detailed comparison with the experimental results by considering the

realistic structure of the Ir-doped ultrathin Fe/MgO interface to shed

light on the role of the interdiffused Ir atoms.

The basic structures used in calculations were Structure A [MgO/Fe/

MgO] and Structure B [MgO/FeIr/MgO], as shown in Figure 4a and

Table 1, where the thickness of each layer was fixed to five monolayers

(MLs). With this thickness of Fe, we observed a strong enhancement

in PMA when 0.05 nm-thick Ir was inserted at the Fe/MgO interface.

Thus, the Ir concentration in Structure B was fixed to 6.25%. We also

investigated the influence of the position of the Ir atoms on the MAE

by considering the non-uniform dispersion of Ir in Structure C [MgO/

FeIr(1ML)/Fe(3ML)/FeIr(1ML)/MgO] and Structure D[MgO/Fe

(1ML)/FeIr(1ML)/Fe(1ML)/FeIr(1ML)/Fe(1ML)/MgO]. The concen-

tration of Ir was maintained at 6.25% for each FeIr layer in Structure

C and D. Table 1 summarizes the calculated MAE for each structure.

It is noteworthy that, in the calculations, two interfaces with MgO are

assumed. Thus, the obtained value should be halved when a single

interface is considered. The MAE for pure Fe/MgO (Structure A) was

estimated to be 3.13 mJ m− 2. When Ir was dispersed uniformly within

the Fe layer (Structure B), the MAE was increased to 3.46 mJ m− 2.

Interestingly, at the MgO/Fe/FeIr interface (Structure D), we obtained

a large enhancement in the MAE up to 4.72 mJ m− 2, which is ~ 1.5

times greater than the result for the pure Fe/MgO interface. Figure 4b

shows the layer-resolved MAE for each structure. It is noteworthy that

the enhanced interfacial MAE can be attributed to the second and

third layers, as well as the first interface layer adjacent to MgO. In

contrast, when Ir atoms concentrate at the interface with MgO, the

MAE decreases. This result is explained by the reduced interfacial

MAE for Ir atoms (0.16 meV per atom) in comparison with that for

Fe atoms (0.60 meV per atom). We also calculated the formation

energy of an Ir-doped Fe/MgO interface relative to bulk Ir and a non-

doped Fe/MgO interface. The formation energies for the Fe/MgO

interface with an FeIr layers inserted in the second and third layers

were determined to be 72.8 meV per Ir atom and 10.7 meV per Ir

atom, respectively. These values are much smaller than the results

obtained for the Ir-doped-Fe/MgO interface (199 meV per Ir atom),

suggesting that Ir prefers to diffuse into the Fe layer rather than to

segregate to the Fe/MgO interface. Therefore, the additional MAE

from the Ir atoms interdiffused into the Fe layer plays an important

role in enhancing Ki,0. Conventional ideas indicate that the interfacial

PMA is dominated by the first mono-atomic layer at the interface;

however, the present study suggests that material designs using heavy-

metal doping in the second and third layers offer new approaches to

improving the interfacial PMA.

For the volume anisotropy term, KV, we observed a large negative

value of (−2.0± 0.2)× 106 J m− 3 for tIr= 0.05 nm. For this evaluation,

a magnetostatic energy of − 1.6 × 106 J m− 3 was considered from the

MS value. A possible contributor to the large negative KV is lattice

expansion induced by the Ir dispersion. The large negative value of KV

led to the total PMA undergoing a sharp reduction with an increasing

ttotal despite a large Ki,0 value. Therefore, the suppression of the

negative KV is next important challenge to obtain a highly effective

PMA energy at the target Fe thickness.

Figure 4 First-principles calculations of the magnetic anisotropy energy (MAE) in the Ir-doped Fe/MgO system. (a) Supercell structure used for the calculation

of the MgO (5ML)/FeIr(5ML)/MgO(5ML) structure. (b) Layer-resolved MAE for Structure A (MgO/Fe(5ML)/MgO), Structure B (MgO/FeIr(5ML)/MgO), Structure

C (MgO/FeIr(1ML)/Fe(3ML)/FeIr(1ML)/MgO) and Structure D (MgO/Fe(1ML)/FeIr (1ML)/Fe(1ML)/FeIr(1ML)/Fe(1ML)/MgO). The Ir concentration was

maintained at 6.25% in each FeIr layer.

Table 1 Magnetic anisotropy energies (MAEs) in the MgO/Fe(Ir)/MgO

multilayer structures evaluated by first-principles calculations

Structure MAE (mJm−2)

A MgO/Fe/Fe/Fe/Fe/Fe/MgO 3.13

B MgO/FeIr/FeIr/FeIr/FeIr/FeIr/MgO 3.46

C MgO/FeIr/Fe/Fe/Fe/FeIr/MgO 2.66

D MgO/Fe/FeIr/Fe/FeIr/Fe/MgO 4.72

The Ir concentration in each FeIr layer was fixed at 6.25%.
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We also observed a reduction in the PMA for thinner ttotal. One

possible origin for this result is an increase of the Ir concentration

close to the interface for thinner Fe layers, which should result in a

reduced PMA according to first-principles calculations. We may also

have encountered an influence of intermixing between Ir-doped Fe

and Cr,37 which can modify both the interface and volume contribu-

tions to the magnetic anisotropy in this system, as discussed with the

Cr/Fe/MgO structure.

Next, VCMA experiments using the MTJ structures were per-

formed. In these experiments, we focused on the sample with

tIr= 0.05 nm, which showed the highest Ki,0 value. Here, tFe varied

between 0.5 and 0.8 nm, where the out-of-plane easy axis was firmly

confirmed. The top 10 nm-thick Fe layer acted as a reference layer

with an in-plane magnetic easy axis. Two ferromagnetic layers

assumed an orthogonal magnetization configuration under a zero-

strength magnetic field. The application of an in-plane magnetic field,

Hex, tilted the magnetization of the ultrathin Ir-doped Fe free layer to

the in-plane direction. This behavior was observed as a gradual

decrease in resistance through the tunneling magnetoresistance (TMR)

effect, as illustrated by the drawings in Figure 5a. The ttotal dependence

of the TMR curves is also shown in Figure 5a. Here, the TMR curves

were normalized by maximum (Hex= 0) and minimum (Hex=− 2 T)

resistances to focus on the change in the saturation property. The

saturation field, which reflects the effective PMA, increased with an

increasing ttotal. This trend is consistent with the results obtained by

the superconducting quantum interference device measurements, as

shown by the black stars in Figure 3b.

Figure 5b displays an example of the normalized TMR curves

(ttotal=0.82 nm) measured under application of bias voltages, Vb,

varying from − 0.8 V to +0.8 V. The polarity of Vb was defined relative

to the top Fe layer. Clear shifts in the saturation field were observed

depending on the amplitude of Vb. The applications of positive and

negative Vb values induced electron accumulation and depletion,

respectively, at the MgO interface, causing decreases and increases in

PMA, respectively. The observed sign was consistent with the

conventional VCMA effect observed in Fe-based alloy/MgO

junctions.4–6

As the tunneling conductance depends on the relative angle (θ)

between two magnetic layers, the ratio of the in-plane component of

the magnetization of the ultrathin Ir-doped Fe layer (Min-plane) to its
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Figure 5 (a) Free-layer thickness, ttotal, dependence of the normalized TMR curves measured under the application of an in-plane magnetic field. (b) Bias

voltage dependence of the normalized TMR curves for the MTJ with ttotal=0.82 nm. (c) Applied electric field dependence of Keffttotal observed for the Cr/Ir-

doped Fe(0.82 nm)/MgO (red dots) and Cr/Fe(0.44)/MgO structures (open circles). (d) Free-layer thickness, ttotal, dependence of the VCMA coefficient (red

dots) evaluated from the slope in the positive electric field direction and Keffttotal values (blue dots).
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saturation magnetization (MS) can be calculated from the following

relation:36

Min�plane

MS

¼ cos y ¼ R90 � R yð Þ
R yð Þ

RP

R90 � RP

ð2Þ

where RP and R90 are the MTJ resistances in the parallel and

orthogonal configurations, respectively. Here, R(θ) is the MTJ

resistance when the magnetization of the ultrathin Ir-doped Fe layer

is tilted toward the in-plane direction at an angle θ from the film plane

under an applied in-plane magnetic field. We calculated the effective

PMA energy, Keff, under each Vb condition by combining the

normalized M–H curves with the MS values obtained from the

superconducting quantum interference device measurements.

Figure 5c displays the applied electric field dependences of Keffttotal
(red dots) for the MTJ with ttotal= 0.82 nm. Here, the applied electric

field, E, defined as E=Vb/tMgO, was varied from − 320 to

+320 mV nm− 1. The result of the largest VCMA effect observed in

the Cr/Fe (tFe= 0.44 nm)/MgO structure is also shown in Figure 5c

(open circles) for comparison. We found a small quadratic term in

addition to the dominant linear term for Ir-doped Fe. For the MTJs

with a low resistance-area value, electric-current-induced heating or

STT can cause quadratic behavior; however, this cause is not the case

in our sample because of the sufficiently high resistance-area value. In

addition, STT would prefer a parallel magnetization configuration

under the negative bias voltage in our experimental configuration,

which would cause a reduction in the saturation field. This is the

opposite tendency observed in our experiment. Therefore, we can

exclude influences from current-induced torque and the observed

trend in the VCMA effect may relate to the intrinsic electronic

structure at the Ir-doped Fe/MgO interface.

To achieve voltage-induced dynamic magnetization switching of the

perpendicularly magnetized free layer,11–14 we need to cancel the

effective PMA during the switching process; therefore, the sign of the

VCMA effect that induces the reduction in PMA is technologically

important. In our previous study, we observed a large VCMA

coefficient of 290 fJ Vm− 1 in the Cr/Fe/MgO MTJ, as shown by the

open circles in Figure 5c.36 In that case, only an enhancement in PMA

was obtained under the application of a negative bias voltage. In

addition, high-speed operation was not fully confirmed. In contrast,

the present study achieved a large reduction in PMA under positive-

bias voltage conditions. It is surprising that such a low concentration

of Ir doping caused a drastic change in the VCMA property; this

outcome suggests the extensive controllability of the VCMA effect by

heavy-metal doping. From the linear fitting in the positive-bias

direction, the VCMA coefficient was determined to be 320 fJ Vm− 1

for the MTJ with ttotal= 0.82 nm (red line in Figure 5c).

The dependence of the VCMA coefficient on the free-layer

thickness (ttotal) in the positive-bias direction and the Keffttotal values

are summarized in Figure 5d. A clear Fe thickness dependence of the

VCMA coefficient was observed. The Keffttotal values also show a

similar trend; the Keffttotal value increases with an increasing ttotal. As

the VCMA coefficient expresses the areal density of the anisotropy

energy change induced per unit electric field, the coefficient is

expected to be independent of the ferromagnetic layer thickness. This

expectation arises from a simple consideration based on the carrier-

mediated effect at the interface. However, the observed results imply

that the VCMA coefficient is positively correlated with Keffttotal, not

simply with Ki,0. In such an ultrathin thickness regime, the electronic

structure can possess a strong dependence on the thickness and can

modify the VCMA effect.40 In addition, strain-induced modifications

in the electronic structure can relate to the observed strong Fe

thickness dependence;41 therefore, artificial precise control of these

properties may also lead to a further enhancement in the VCMA

properties. It should be emphasized that ensuring compatibility

between a large VCMA coefficient and high effective PMA value is

the key aspect for practical applications (see Supplementary

Information S1).

The demonstration of high-speed response is important to show the

practicality of the Ir-doped Fe/MgO structure. For this purpose, we

performed a voltage-induced FMR experiment using a homodyne

detection method through the TMR effect (see Methods section and

Nozaki et al.8 for details). Here, to excite the FMR dynamics

effectively, we used the MTJ with ttotal= 0.49 nm, which is close to

the critical thickness of the SRT (tFe, SRT1) for tIr= 0.05 nm. The

amplitude of the voltage-induced FMR signal is proportional to cosθM
sin2θM, where θM is the elevation angle of the magnetization from the

film plane.8 This function has a maximum value at θM=55°. Near the

tFe, SRT1, the magnetization can be easily directed along the external

magnetic field due to the small effective anisotropy field. Then, we

applied an external magnetic field with an elevation angle θH= 55° to
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Figure 6 (a) External magnetic field dependence of the homodyne detection

signal obtained under various applied radiofrequency (RF) power

frequencies. The amplitude of the RF power and elevation angle, θH, of the

external magnetic field were fixed at −10 dBm and 55° from the in-plane

direction, respectively. (b) Resonant frequency as a function of the magnetic

field amplitude. The red line exhibits the fitting results based on the Kittel

formula.
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maximize the output signal. The in-plane component of the Hex was

fixed parallel to the magnetic easy axis of the reference Fe layer. Under

the application of radiofrequency power (−10 dBm) with a fixed

frequency, the amplitude of the external magnetic field was swept in

the range of 0 ≤ μ0 Hex ≤ 350 mT. As shown in Figure 6a, we

observed clear FMR signals with an anti-Lorentzian structure,

indicating a VCMA-induced change in the effective anisotropy field

in the measured magnetization configuration.8 Figure 6b shows the

applied magnetic field dependence of the resonant frequency. The

resonant condition of the magnetization was fit by the conventional

Kittel formula:

2pf ¼ �g
ffiffiffiffiffiffiffiffiffiffiffiffi

H1H2

p

H1 ¼ Hex cos yH � yMð Þ � HPMA;eff sin
2yM

H2 ¼ Hex cos yH � yMð Þ þ HPMA;eff cos 2yM

ð3Þ

where γ is the gyromagnetic ratio, θM is the angle of the magnetization

direction of the ultrathin Fe layer from the in-plane axis and HPMA,eff

is the effective PMA field. The observed results are well reproduced

with a fitting parameter of HPMA,eff= 46 mT.

Although the VCMA coefficient and Keffttotal values show ttotal
dependences, as discussed above, their monotonic trend should

basically imply that the physical origin of the VCMA effect does not

change with the ttotal. One remaining concern is an influence of the

voltage-induced modification of the Curie temperature for the

thinnest Ir-doped Fe regime, for example, as observed in well-

designed few-ML Co.15 However, this effect gives a considerable

influence only when the measurement temperature is close to the

Curie temperature. On the other hand, we observed no drastic

reduction in the magnetic moment near room temperature for the

Ir-doped Fe layer (see Supplementary Information S8), suggesting that

the VCMA effect is a predominately electronic origin and that its high-

speed response should be maintained in the entire Ir-doped Fe

thickness region. A voltage-induced FMR signal was not detected for

the sample with ttotal= 0.82 nm. As we need a high external magnetic

field to tilt the magnetization to surpass the high effective PMA, the

precession of the voltage-induced FMR dynamics becomes smaller.

Therefore, the direct demonstration of voltage-induced dynamic

switching in the perpendicularly magnetized MTJ is required in the

future.

To discuss the physical origin of the enhancement in the VCMA

coefficient by Ir doping, we performed additional first-principles

theoretical analysis of the VCMA effect in Cu(5ML)/Fe(5ML)/MgO

(5ML) and Cu(5ML)/FeIr(5ML)/MgO(5ML) structures. Here, the Ir

concentration was again fixed at 6.25%. The MAE modulation of the

electric field in MgO is enhanced from 94 to 127 fJ Vm− 1 by Ir

doping. Here, a dielectric constant of 10 was assumed for MgO. The

atomic-resolved electric-field-induced MAE for each structure is

shown in Figure 7a. The electric-field-induced MAE for the Fe atoms

are almost the same values between Fe/MgO with and without Ir

doping. On the other hand, the MAE modulation for the Ir atoms is

more than five times greater than that for the Fe atoms at the FeIr/

MgO interface. To reveal the origin of huge VCMA effect for the Ir

atoms, we calculated the MAE arising from a second-order perturba-

tion of the spin–orbit coupling and divided the MAE contribution into

spin-flip and spin-conserving process terms between the occupied and

unoccupied states.42 Figure 7b shows the voltage-induced MAE change

arising from the second-order perturbation for the interfacial and sub-

interfacial Ir sites. The electric field modulation of the spin-conserving

term between the majority spin occupied and unoccupied states

(δE↑↑) is larger than that between the minority spin states (δE↓↓), as

the majority spin 5d states are dominant near the Fermi level in the

interfacial and sub-interfacial Ir atoms (see Supplementary

Information S7). On the other hand, the VCMA effect arising from

the spin-flip term is very small, as the electric field modulation of the

spin-flip terms (δE↑↓ and δE↓↑) are almost the same value but

opposite sign. We also estimated the electric-field-induced orbital

Figure 7 First-principles calculations of the electric field modulation on the MAE in the Ir-doped Fe/MgO system. (a) Atomic-resolved MAE change induced

by an electric field of 0.1 V nm−1 in MgO for the Cu/Fe/MgO (left) and Cu/FeIr/MgO (right) structures. The Ir concentration was maintained at 6.25% in the

FeIr layer. The average value of 15 atoms in each layer is displayed for Fe. (b) Electric-field-induced MAE arising from the second-order perturbation of the

spin–orbit coupling for the interfacial (top) and sub-interfacial (bottom) Ir atoms in the Cu/FeIr/MgO structure.
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magnetic moment anisotropy (DmL;S ¼ m>L;S �m
==
L;S) of the Ir atoms,

where m
> ð==Þ
L;S is the orbital magnetic moment in the out-of-plane (in-

plane) direction for the spin state S (↑ or ↓). The MAE is

proportional to the �DmL;m and DmL;k, then the spin-flip term

(E↑↓, E↓↑) is negligibly small.43 The DmL;S values induced by an

electric field of 0.1 V nm− 1 are DmL;m ¼ 0:00057 and

DmL;k ¼ 0:00036, and DmL;m ¼ 0:00017 and DmL;k ¼ �0:00003
for the interfacial and sub-interfacial Ir atoms, respectively. The large

modulation in DmL;m also indicates that the electric-field-induced

MAE is mainly caused by a modulation in the majority spin Ir-5d

states.

We demonstrated a large VCMA coefficient of 320 fJ Vm− 1 with a

Keffttotal value of ~ 0.46 mJ m− 2 in the Ir-doped Fe/MgO structure.

The developed structure first achieved the required specifications for

high-density voltage-torque magnetoresistive random access memory,

corresponding to a technology node with a diameter of 25 to 30 nm

for MTJ elements (see Supplementary Information S1). First-

principles calculations predict large enhancements in the interfacial

PMA and VCMA effect in Fe/monolayer of heavy metal/MgO

structures;31 however, the realization of uniform ML insertion is not

easily achieved in practical MTJs. On the other hand, the Ir-doped Fe/

MgO structure should be much more manufacturable and have a high

application possibility even for sputtering processes. We still have

numerous choices for 4d and 5d elements, and therefore, materials

engineering using heavy-metal doping has enormous possibilities for

further improvements in interfacial PMA and VCMA properties.

CONCLUSION

We investigated the PMA and VCMA properties in Ir-doped Fe/MgO

structures. A low concentration of Ir doping had a considerable

influence on the magnetic properties and achieved a high interface

magnetic anisotropy, Ki,0, up to 3.7 mJ m− 2. In addition, a large

VCMA coefficient of 320 fJ Vm− 1 was demonstrated in the MgO-

based MTJ. High-speed responsiveness was confirmed through

voltage-induced FMR excitation. First-principles calculations revealed

that Ir atoms dispersed within the ultrathin Fe layer had an important

role to enhancing the Ki,0 and VCMA coefficient. Materials research

using heavy-metal doping in Fe/MgO junctions is a novel approach to

improve the interfacial PMA and VCMA properties and promote the

development of future spintronic devices with ultralow energy

consumption.
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