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 Recently, perpendicular magnetic anisotropy (PMA) and its voltage control (VC) was demonstrated

. for Cr/Fe/MgO. In this study, we shed light on the origin of large voltage-induced anisotropy change

. in Cr/Fe/MgO. Analysis of the chemical structure of Cr/[Fe/MgO revealed the existence of Cr atoms in

: the proximity of the Fe/MgO interface, which can affect both magnetic anisotropy (MA) and its VC. We

. showed that PMA and its VC can be enhanced by controlled Cr doping at the Fe/MgO interface. For Cr/Fe
(5.9A)/Cr (0.7 A)/MgO with an effective PMA of 0.8 MJ/m?3, a maximum value of the voltage-controlled
magnetic anisotropy (VCMA) effect of 370 fJ/Vm was demonstrated due to Crinsertion.

Development of high density non-volatile memories that provide fast access and low energy consumption is
crucial for next generation spintronics. Manipulation of magnetization by electric currents has recently attracted
a lot of interests due to its application in magnetic random access memory (MRAM)'. Current-induced mag-
: netization switching through spin transfer torque (STT) is one of the promising candidates for a novel writing
© technique in MRAM?Z Low writing energy of the order of 100£]/bit with good scalability was realized by recent
: STT technology, however, electric-current based manipulations still require reduction of unwanted energy loss
. caused by the Ohmic dissipation. Recently, electric field-controlled magnetic effects have attracted attention due
© to their potential application in high density, low power-consumption memories. With a use of voltage-controlled
magnetic storage, an Ohmic dissipation, which is the predominant loss mechanism in magnetic memories, can be
significantly reduced to the order of a few fJ/bit.

Various studies on voltage-controlled magnetic effects have been reported for different materials, including
ferromagnetic (FM) semiconductors, FM metals, or multiferroics (for review see ref. 4 and Ref. within). For FM
metals the VC of magnetism via electrical modulation of magnetic anisotropy (MA)> ¢, the Curie temperature’,
domain wall motion®-'°, and the interfacial asymmetric exchange interaction!! have been demonstrated so far.
Moreover, recent reports on electrically-induced spin reorientation transition'?, bistable magnetization switch-

© ing" ' and excitation of high frequency magnetization dynamics in an ultrathin FeCo layer by using the VC of
© MA'®!7 have contributed to the realization of a new class of voltage-controlled magnetoresistive random access
memory (MRAM)'®. Furthermore, according to the experimental and theoretical studies the VCMA effect can be
used to provide an ultralow energy current-induced magnetization switching in magnetic tunnel junctions'® 1.
: For FM metal films, in contrast to semiconductors®, the voltage-induced changes in magnetism are restricted
- to the atoms closest to the surface due to the short screening length. Several mechanisms have been proposed
. to be responsible for the voltage-controlled magnetic anisotropy (VCMA) in FM systems. Theoretical studies
. attributed the origin of the VCMA effect to the spin-dependent screening of the electric field in FM layers®' or
: the change in the relative occupancy of the orbitals of atoms at the interface related to the accumulation/deple-
- tion of electrons®*-?%, Also, a discussion of VCMA effect in relation to the intrinsic dipole field existing at the Fe/
. MgO interface was presented recently?®. Experimentally, changes in perpendicular magnetic anisotropy (PMA)
. under an electric field ranges between tenths to thousands of fJ/Vim. The biggest variations of the areal density of
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the anisotropy energy under an electric field (the so-called VCMA coefficient) were demonstrated for systems
in which voltage-induced redox reactions®, charge trapping effects?’, electromigration®, or magnetostriction®
were involved. Although the above-mentioned effects can contribute to the VCMA coefficients being as high as
a few thousand f]J/Vm, a practical application of the systems for which VCMA is related to chemical reactions at
the interface or magnetostriction is limited due to the low operating speed and poor write endurance. However,
from a practical point of view, the systems for which the VCMA effect mainly originates from modifications of
the electronic structure seems to be promising due to the high-speed operation. Aside from a large VCMA effect,
alarge PMA is desired to satisfy high thermal stability at reduced dimensions. Since both the VCMA effect and
PMA usually have interfacial origins, the growth of high quality and controllable metal/dielectric interfaces is
crucial for the understanding and further development of systems that exhibit voltage-tunable MA.

Recently, high interfacial MA**-32 and a large VCMA effect® were found in an ultrathin Fe layer embedded
between Cr and MgO. For an Fe layer with nominal thickness greater than 6 A a high interfacial anisotropy of
2.1 mJ/m? and a linear VCMA coefficient of about 100 {fJ/Vm were observed. For Fe layers thinner than 64, a
considerable reduction in PMA and the saturation magnetization (M) were noted. A reduction of the Curie tem-
perature (T¢) could be responsible for this behavior**. However, in our studies even for very thin Fe layers we did
not observe a strong dependence in M; as a function of temperature that appears close to T*. Another possible
origin of reduction of the M value can be an intermixing between Fe and Cr*.

Fe/Cr intermixing can occur especially when an annealing treatment is used during the deposition process®.
Interestingly, for the thickness of the Fe layer for which a reduction in PMA and M, were noted, a large VCMA
coefficient was observed. For a nominal thickness of the Fe layer of 5.3 A, a VCMA coefficient of 290 fJ/Vm was
obtained under a negative voltage, while the PMA remained almost unchanged under a positive voltage. These
results suggest that for a deeper understanding of the origin of PMA and its VC, the chemical structure of Cr/Fe/
MgO should be analyzed in detail.

In the first part of this paper, we discuss an experimental verification of the local atomic structure of the
Cr/*"Fe/MgO, where the *’Fe isotope enabled the use of conversion electron Mdssbauer spectroscopy (CEMS).
We show the effects of annealing after the deposition of the MgO barrier on the magnetic properties and chemical
structure in the system. We demonstrate that although no heavy intermixing exists between Fe and Cr in Cr/Fe/
MgO, Cr impurities exist at the Fe/MgO interface after annealing. These Cr atoms in the proximity of the Fe/MgO
interface can influence the PMA and VCMA.

Inspired by the CEMS results, in the second part of the paper we investigated the role of the insertion of an
ultrathin Cr layer at the Fe/MgO interface on PMA and its voltage-induced change in Cr/Fe (t,)/Cr (dc,)/MgO.
We demonstrate that a light doping of Cr at the Fe/MgO interface enhances both the PMA and the VCMA coefhi-
cient. For an Fe thickness of 6.6 A we observed an enhancement of the PMA from 0.68 MJ/m? to 1.03 MJ/m?® when
2 0.4 A Crlayer was inserted between Fe and MgO. A value of the VCMA coefficient was enhanced from 2301]/
Vm to 370 f]/Vm for an Fe layer thickness of 5.9 A as a result of a Cr insertion with a thickness of 0.7 A.

Experimental details ) ) ) ) )

Fully epitaxial MgO (30 A)/Cr (300 A)/Fe (tg,)/Cr (dc,)/MgO (25 A)/Fe (100 A)/Ta (50 A)/Ru (70 A) multilayers
(where the order is given from the bottom to the top of the sample) were grown on polished MgO(001) substrates
under ultrahigh vacuum conditions (sample A). While the bottom ultrathin Fe wedge with perpendicular mag-
netic anisotropy was used as a free layer, the top Fe layer with an in-plane magnetization alignment was used as a
reference in magnetotransport measurements. An MgO (30 A)/Cr (300A)/57Fe (6 A)/MgO (25 A) heterostructure
(sample B) was grown for the complementary Mdssbauer spectroscopy studies, where the preparation procedure
during a growth of four layer stack in sample B was the same as for the sample A, but no Cr doping was used at
the Fe/MgO interface. After the MgO substrate was annealed, a Cr buffer layer was grown at 200°C and annealed
at 800 °C. A wedge-shaped Fe layer with a thickness ¢, ranging from 3 A to 7 A was grown at 150°C and annealed
at 250°C for 20 minutes. A sharpening of the reflection high-energy electron diffraction (RHEED) patterns was
observed after annealing the thin Fe layer, which revealed an improvement of the crystalline quality as well as a
smoothening of the annealed Fe surface. The Fe wedge was capped with a wedge-shaped Cr layer was prepared
at room temperature with a thickness d, ranging from 0 A to 2 A and with the Cr wedge gradient perpendicular
to that of Fe (see Fig. 1). No change in the RHEED pattern was observed after deposition of the Cr-submonolayer
on top of the Fe layer. Following Cr deposition, an MgO barrier was grown at room temperature and annealed
at 350 °C. Finally, the top Fe layer was deposited and capped with the oxidation protective Ta/Ru bilayer pre-
pared by sputtering. Rectangular pillars with areas of (2 x 6) pm? were fabricated on this sample using optical
lithography, ion beam etching, and the lift-off process. Optical lithography was performed by a wafer stepper
(Ultratech Model1500) using double layer resists of LOR and AZ6124. Electrodes and MT] pillars were etched
by Ar ion milling using a Kaufman type ion source. SiO, was used as an insulator for MTJ pillars. Lift-off process
was conducted by N-methylpyrrolidone and acetone under ultrasonic washer. As a result, a matrix of elements
with different Fe and Cr thicknesses was formed. The tunneling magnetoresistance (TMR) was measured in
the current-perpendicular-to-plane geometry (CPP) using the standard two-probe method under an in-plane
external magnetic field on junctions with different Fe and Cr thicknesses. During a measurement, an in-plane
magnetic field was applied parallel to the Fe [001] direction. For a fixed Fe thickness, we noted a gradual increase
in the resistance-area (RA) product and a decrease in TMR along with an increase in Cr thickness at the Fe/
MgO interface; for example, RA =250 kQum? and TMR = 26% were noted for Cr/Fe/MgO at tz = 5.9 A, while
RA =312 kQum? and TMR = 13% were measured when 0.5 A of Cr was inserted between Fe and MgO. Note
that in the studied Fe thickness regime (tz, = (3-7) A), the magnetization of the bottom Fe free (switchable) layer
was aligned along the surface normal, while a direction of magnetization of the top reference (fixed) Fe layer was
aligned in-plane along the easy-axis Fe [001] direction. When an in-plane magnetic field is applied, the magnet-
ization of the free layer rotates towards its hard axis direction while the magnetization direction of the reference
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Figure 1. Schematic drawing of the magnetic tunnel junctions used in magnetoresistance measurements.

layer remains unchanged. Thus, the above-mentioned TMR values correspond to the relative orthogonal align-
ment between magnetizations.

Conversion electron Mdssbauer spectroscopy (CEMS) measurements were performed for Cr/*Fe(6 A)/MgO
using a standard Mdssbauer spectrometer equipped with a He/CH,-flow proportional detector and a *’Co (Rh)
source. The CEMS spectra were collected in the normal incidence geometry and fitted using Recoil software®”. A
Voight-line based method was applied to fit the spectra, in which the distribution of the hyperfine parameters is
represented by the sum of the Gaussian components®®.

Results

Cr/Fe/MgO structure probed by Méssbauer spectroscopy. As mentioned in the introduction, a
post-deposition annealing of the Fe layer improves its surface quality. The role of the second annealing (after dep-
osition of MgO) is to improve the crystallinity of MgO; however, it can affect the chemical and magnetic struc-
ture of Cr/Fe/MgO, especially at the interfaces. To verify the influence of the second annealing on the magnetic
properties and chemical composition of Cr/Fe/MgO, a sample before annealing and a sample after annealing were
compared. Figure 2 presents the CEMS spectra of Cr/>’Fe (6 A)/MgO collected for the sample before annealing
(Fig. 2(a)) and the annealed sample after deposition of MgO (Fig. 2(b)). The nominal thickness of Fe corresponds
to four atomic layers and, for an ideal film, one should expect a four-component spectrum reflecting Fe sites in
different coordination. Instead, both spectra revealed a rather complex hyperfine pattern, which indicates a static
long-range magnetic order and deviation from an ideal layered structure. The spectra were deconvoluted into two
groups of magnetic sub-spectra that are distinct by isomer shifts (IS) and their correlations with the hyperfine
magnetic field (By) distributions. The fit parameters are summarized in the Supplementary Information (Table 1).
Sub-spectrum A (blue line) represents all of the Fe atoms except those at the Fe/MgO interface (nominally 3.4
atomic monolayers (ML)) and sub-spectra B and C (green and brown line respectively for the non-annealed and
annealed samples) describe Fe atoms situated at the Fe/MgO interface, as judged based on the isomer shift value
discussed below. Additionally, for the sample before annealing, a weak sub-spectrum P with small B, (site P) was
identified (pink line). The key fit parameter for the magnetic sub-spectra was the intensity ratio (R) of the second
(or fifth) to the third (or fourth) line of the sextet components: R = I,5)/I;4). The R value is determined by the
angle 0 between the hyperfine magnetic field (local magnetization) and the ~-ray direction:

R = 4sin®0/(1 + cos>0). (1)

For the given CEMS geometry (in which the ~-rays are parallel to the surface normal), the perpendicular
(0=0°) and in-plane (6 =90°) magnetization results in R=0 and R =4, respectively.

Sub-spectrum A was decomposed into the smallest necessary discrete number of magnetic six-line Voigt
components with the IS, By, quadrupole interaction parameter (€), and relative intensity as the fit parameters. The
IS values of the components were linearly correlated with the hyperfine field, which is well justified for the Fe-Cr
systems™. For both samples, the fits gave small € values, which is typical for cubic symmetry in metals. Moreover,
the € is similar for all components in the non-annealed sample (e = (—0.026 £ 0.004) mm/s) and is linearly cor-
related with By, for the annealed sample, which signifies a higher degree of structural order. The resulting By,
distribution is well reproduced by a sum of Gaussian profiles whose width was fixed to 1.0T for all components.
The components identified for sub-spectrum A are attributed to Fe atoms with a different number of Cr neigh-
bors. It was shown that for the Fe/Cr interface the By of Fe atoms could be expressed by the following formula*®4!:

Byp(ny, ny) = Byp(0, 0) + mB; + n,B,, 2)

where B, (0, 0) denotes the hyperfine field of bulk Fe, n,(n,) is the number of the nearest (next nearest) Cr neigh-
bors, and B; =3.19T (B,=2.15T) is the contribution to the hyperfine magnetic field from one Cr atom in the first
(second) shell around the Fe atom. Note that, because By for Fe is negative, the Cr neighbors lower the absolute
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Figure 2. CEMS spectrum (black points) and result of the best fit (red line) of Cr/*’Fe/MgO collected for
the sample before annealing (a) and the sample annealed at 300 °C after deposition of MgO (b). The fits were
deconvoluted into sub-spectra A(blue lines), B(green line), P(pink line) and C(brown line).

value of B experienced by Fe atom, which means that higher Cr coordinations contribute to components with a
smaller magnetic hyperfine splitting. Klinkhammer et al.*® made a refinement of the formula (2) to account for an
enhancement of the hyperfine field at the Fe/Cr interface. For ultrathin films, B, and B, may differ from the above
values®, but the general trend that relates local coordination of Fe and By is preserved.

To summarize, for an ideally flat and sharp Cr/Fe interface, only the hyperfine fields of atoms situated within
the first and second layer from the Cr/Fe interface should be affected by the Cr proximity. Thus, only three com-
ponents should be identified in the sub-spectrum A which contributes to about 85% of the total spectral intensity
(nominally representing 3.5 ML): B, (4, 1) for the interface layer, B,(0, 1) for the layer next to the interface, and
B¢ (0, 0) for deeper Fe sites. Instead, sub-spectrum A shows a multimodal B¢ distribution; 9 (Table 1, components
A/1-A/9) and 7 (Table 1, components A/1-A/7) components were identified for the sample before and after
annealing, respectively. The By distributions P(By) are shown in Fig. 3, together with the IS of the components.
In agreement with previous reports®, we observed a positive linear By vs. IS correlation. This can be explained by
an increase of s-electron density at the Fe nuclei with the increasing number of Cr neighbors.

Two groups of By are distinctly resolved for the non-annealed sample (Fig. 3a). The low By group is repre-
sented by components with |By] < 25T (Table 1, components A/1-A/4), and the high-B, group, which peaked
at |B,d =30.4 T, contains components with |B,J> 25T (Table 1, components A/5-A/9). The relative intensity of
the components with |By < 25T is 31%, which is equivalent to 1.3 ML of Fe. This group can be ascribed to the
Fe atoms located in the vicinity of a diffused Fe/Cr interface. According to the Méssbauer studies of the Cr/Fe
(40 A)/Cr system, Fe atoms with the (4, 1) configuration should be described by B,;= —23 T for the sharp Cr/
Fe interface®. Any deviation from the ideal, sharp interface, either configurational (steps or kinks) or chemical
(interfacial Cr and Fe mixing), should lead to additional spectral components with B slightly lower or higher
than the ideal interfacial value. For example, an Fe atom diffused in the Cr-interfacial layer changes the config-
uration of four Fe atoms in the interfacial Fe layer to (3, 1) and one Cr atom in the interfacial Fe layer changes
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Figure 3. Hyperfine field distribution (black line) and the isomer shift (black squares) for the sample before
annealing (a) and the sample annealed at 300 °C (b), linearly correlated to the hyperfine filed distribution
(red lines). The spectral intensity of the components and isomer shifts were shown on the left and right scale,
respectively.
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Figure 4. Model of Cr/Fe/MgO structure of showing interface Fe atoms at the specific interfacial sites. Yellow,
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the configuration of four interfacial Fe atoms to (4, 2). On the other hand, since the Fe layer in our experiment is
much thinner than the 40 A Fe layer referenced above, a finite size reduction of magnetization and |By is obvi-
ous, we assign the component with a B, =20.7 T (Table 1, component A/3) to the atoms at the sharp interface
with the (4, 1) configuration (Fig. 4, grey), in agreement with previous observations for ultrathin Fe (001) sand-
wiched between Cr*2. Other components with |By{ <25T (Table 1, components: A/1, A/2, A/4) are assigned to
Fe atoms in the mixed interfacial Fe-Cr layers: |B,] =18.2T and 23.5T could correspond to the (4, 2) and (3, 1)
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Figure 5. Normalized tunneling conductance obtained for Fe thickness of 5.1 A (a) and 6.6 A (b) for different
Cr thicknesses.

configurations, respectively, which are characteristic not only for the mixed Fe-Cr layer but also for Fe atoms at
steps or kinks (Fig. 4, green). Additionally, Fe atoms within a Cr-rich atomic interfacial layer (Fig. 4, blue) are
responsible for the components with |By{ < 15T (Table 1, component A/1); however, due to low intensity, their
interpretation is less reliable. The weak sub-spectrum P can be associated to Fe atoms low — coordinated to other
Fe atoms, located either at Fe/Cr or Fe/MgO interface, however due to the low intensity of the component P sep-
aration between two possible sites is ambiguous (Table 1, component P).

The second group of components with |ByJ > 25T constitutes 54% of the total spectral intensity, which is
equivalent to 2.2 ML of Fe. The components with |B,{ =26.4T, 28.2T, 30.4T, and 32.9T (Table 1, components
A/5-A/8) are assigned to Fe configurations with n, + n, =3, 2, 1, and 0, respectively, which can be found in the
Fe layers next to the interface if some Cr atoms penetrate deeper into the Fe layer. (Fig. 4, orange). Finally, the
component with the highest |B,J =35.1T and small positive IS relative to o-Fe (Table 1, component A/9) is asso-
ciated with Fe atoms in the sharp Fe/MgO interface (Fig. 4, black), where Fe retains its metallic character®’. On
the contrary, a small fraction of the Fe atoms, with strong bonds to the O atom in MgO (Fig. 4, violet), contribute
to sub-spectrum B (Fig. 2(a), green), and are characterized by a distinctly positive IS=(0.61 4-0.03) mm/s that
identifies an oxidation state of Fe (Table 1, component B). Two similar forms of Fe were found in the previous
CEMS studies of the Fe/MgO interfaces*.

The character of the CEMS spectrum changes after annealing (compare Fig. 3(a) and (b)). In sub-spectrum A,
two groups of the magnetic components are not as pronounced as those of the non-annealed sample. The relative
weight of components with |By,J < 25T (Table 1, after annealing, components A/1-A/3) is almost the same as for
the non-annealed sample (33%); however, the component with |B,{ < 15T is no more present. The relative con-
tribution of the component from Fe atoms in the (4, 1) configuration (11%) (Table 1, after annealing, component
A/2) is higher than that for the sample before annealing (8%). Furthermore, an average hyperfine magnetic field
of the components with |B,J < 25T was increased from 19.4T before to 21.3T after annealing, which suggests a
sharpening of the Cr/Fe interface. Also, the components associated with Fe atoms located further from the Fe/Cr
interface are modified after annealing. First, a bulk-like component that corresponds to the (0, 0) configuration
became more pronounced, and the metallic component with a high value of |B, = 35.1T (associated with a sharp
Fe/MgO interface) (Table 1, component A/9) as well as the sub-spectrum B of an oxidic character (Table 1, com-
ponent B) disappeared. Instead, sub-spectrum C with B,,=(—26+1.9) T and IS=(0.10 £ 0.03) mm/s and the
relative contribution of 16.5%, was recognized in a spectrum measured for the annealed sample (Fig. 2, brown)
(Table 1, after annealing, component C). We interpret this sub-spectrum as originating from an interface formed
by a mixed Fe-Cr atomic layer and MgO. Formation of such a layer can be understood if Cr segregation occurs
during annealing. According to a simple thermodynamic consideration, Cr should segregate to the surface due
to the higher surface energy of Fe compared to that of Cr*. First principle calculations revealed the complexity
of the segregation process and showed that the segregation energy depends on Cr concentration and the surface
orientation®. In particular, it was shown that the segregation of Cr impurities is favorable for the Fe (001) surface
for an optimal Cr concentration within the Fe layer, which well explains the present case.

Sub-spectrum C has replaced the oxide-like sub-spectrum B in the non-annealed sample. This means that
the Cr atoms at the Fe/MgO interface prevent formation of the oxide-like Fe-MgO bonds observed for the
non-annealed sample. Furthermore, the component with |B,| =35.1 T (Table 1, component A/9), which is of
a metallic character and is interpreted as originating from Fe atoms at the sharp Fe/MgO interface, disappeared
from the CEMS spectrum after annealing of the sample. This result is understandable if the presence of Cr at the
Fe/MgO interface is considered; i.e. the hyperfine parameters at the Fe—-Cr/MgO interface combine the properties
of the sharp Fe/MgO interface and the influence of neighboring Cr atoms that lead to a reduction of |By.

In short, the annealing has considerably changed the interfacial structure and the character of the Cr distribu-
tion in the Fe layer. Before annealing both interfaces were smeared and Cr tended to intermix and diffuse in the
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Figure 7. Exemplary normalized conductance curves obtained for an Fe thickness of 5.9 A and Cr thickness of
0.5 A measured under different bias voltages.

Fe layer. The annealing led to the configurational sharpening of the interfaces related to the Cr segregation and
formation of a mixed Fe-Cr/MgO interface.

Together with the appearance of sub-spectrum C for the annealed sample, a striking change in the intensity
ratio R was observed. While an in-plane magnetization alignment (R =4) is recognized before annealing, the
magnetization aligns with the perpendicular direction after annealing (R =0). This suggests that a small Cr dop-
ing at the Fe/MgO interface is favorable for establishing the PMA in the Cr/Fe/MgO system.

This conclusion is significant in light of recent research on PMA and its VC in Cr/Fe/MgO?®>*. As mentioned
in the introduction, the maximum VCMA coefficient of about 290 f]/Vm was observed for an Fe layer of nom-
inal thickness of 5.3 A, which is equivalent to 3.6 ML. This means that Cr impurities that segregate towards the
Fe/MgO interface during annealing can be substantial for the MA and its VC in the system. To verify how a Cr
insertion influences MA and its VC, systematic studies of the effective anisotropy and VCMA coefficient were
performed for Cr/Fe (t,)/Cr (d.,)/MgO as a function of different Fe and Cr thicknesses.

Crinsertion dependence on PMA and its VC.  The effective magnetic anisotropy constants for different
Fe and Cr thicknesses were determined from magnetoresistance measurements by using the method described
in ref. 47. Examples of normalized conductance curves, which represent the in-plane component of the Fe layer
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Figure 8. K.ty vs. electric field dependence obtained for the Fe thickness of 5.1 A (a),5.4A (b),5.94 (c) and
6.1 A (d) for different Cr thicknesses (d). The slopes of linear fits indicate VCMA coefficients. Summary of
VCMA coeficients were shown on Fig. 9.

magnetization, are shown in Fig. 5(a) and (b) for an Fe thickness of 5.1 Aand 6.6 4, respectively, for different Cr
thicknesses. The shaded area in Fig. 5(b) (shown as an example for d, =0), when multiplied by M,, is a measure
of the PMA energy density. For an Fe thickness of 5.1 A, we observed a gradual decrease of the saturation field
(H,) when an ultrathin Cr layer was inserted at the Fe/MgO interface (Fig. 5(a)). On the contrary, for thicker Fe
layers initially, for 0.1 A < dc, < 0.4 A, we observed an increase in H, with increasing Cr thickness at the inter-
face (Fig. 5(b)). While a H,=15kOe was registered for d., = 0 A, a saturation field of 17 kOe was obtained for
d,=0.4 A. Further increase of d, resulted in a decrease of H,.

This suggests that while Cr doping at the Fe/MgO interface causes a reduction in PMA for very thin Fe lay-
ers (tg, < 5.5A), for thicker Fe films, it can contribute to an enhancement of PMA. Figure 6 summarizes a Koy
dependence on Cr thickness obtained for different Fe thicknesses, where a positive K,yindicates an out-of-plane
easy-axis of magnetization. The M; values, which are necessary for the estimation of K,; were obtained from
SQUID measurements for selected Fe thicknesses. The M, values for intermediate Fe thicknesses were determined
from areal magnetization (M/S) vs. tz, dependence. For the samples with Cr doping at the Fe/MgO interface, we
used (M/S)(tz,) dependence obtained for different Fe thicknesses and a Cr layer inserted between Fe and MgO
with a thickness of 0.5 A (see: Supplementary Information).

Insertion of sub-monolayer Cr at the Fe/MgO interface induces substantial changes in the effective anisotropy
in the Cr/Fe/MgO system. For t, < 5.4 A, even 0.5 A of Cr at the interface causes a decrease of positive effective
magnetic anisotropy; the K,;(d(,) dependence can be described by straight lines in this Fe thickness regime.
However, for thicker Fe layers sub-monolayer Cr doping leads to an enhancement of PMA. For t;, > 5.4 A the
K.4(dc,) dependence is well reproduced by a quadratic function. This non-linear K,5(d,) dependence can be
related to the modification of magneto-elastic contribution to K,4**. The Cr thickness for which a maximum value
of K,z was observed (d,) is shifted towards higher d, values when the Fe thickness is increased. While a value of
de,’=(040.01)A was obtained for tg, =5.6 A from the fita d,’= (0.5 +-0.3) A was determined for Fe thickness of
6.6 A (the fit parameters are summarized in Supplementary Information (Table 2)). These results indicate that Cr
doping at the Fe/MgO interface can be optimized for a maximum enhancement of PMA.

The VC of MA in the Cr/Fe/Cr/MgO system was studied by TMR measurements under different bias voltages,
similar to our previous studies®. The effects of resistance and TMR ratio dependence on the bias voltage were
eliminated through normalization of the TMR curves. The bias voltage was adjusted between the range —0.8V
< U < 0.8V, which corresponds to the electric field range of —320 mV/nm < E < 320 mV/nm at the Fe/MgO
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Figure 9. Effective anisotropy (filled circles, left scale) and VCMA coefficient (open squares, right scale)
dependence on Cr thickness for different Fe thicknesses. The lines are guides to the eye.

interface. During measurements, we used a configuration in which a positive external voltage induces electron
accumulation at the Fe/MgO interface. Figure 7 shows exemplary normalized conductance curves determined
from the normalized TMR curves obtained for ¢z = 5.9 A and d¢, = 0.5 A under different voltages. For these Fe
and Cr thicknesses, an electric field causes pronounced changes in the shape of the normalized conductance
curve, which indicates a strong VCMA effect. Figure 8 presents a summary of the areal density of the anisotropy
energy SKeﬁ' tr. dependence on the electric field (E) determined for Fe thicknesses of (a) 5.1 A, (b)5.44, (¢)5.94,
(d) 6.1 A for different Cr thicknesses inserted between Fe and MgO.

In agreement with our previous studies, for E < 100 mV/nm, we noted a linear increase of K5 t, with an
increase of negative electric field strength. For higher electric fields K, t5 increases nonlinearly with an increase
of positive electric field, which indicates that in addition to the linear term, the second order electric field term
should be considered in K,y t5, (E) dependence for E > 100 mV/nm. According to the theoretical predictions
such behavior can be attributed to the existence of localized surface states in Fe layer, which my act as intrinsic
charge-trapping sites and constitute a reverse point of the VCMA effect®.

For the thinnest Fe layers (¢, < 5.4 A), a gradual reduction of the slope in the K. tr. (E) dependence was
observed together with increasing Cr thickness for E < 100 mV/nm (compare black, blue and green data in
Fig. 8(a)). In contrast, for thicker Fe layers, an insertion of Cr at the Fe/MgO interface results in an increase of
the VCMA coefficient. An evident increase in the slope of the K,;t;, (E) dependence was noted for ¢, > 5.4A
for optimal Cr doping (Fig. 8(b)-(d)). A summary of the VCMA coeflicients determined for different Fe and
Cr thicknesses is showr}, in Fig. 9 (open squares) together with the K5 (d) dependence (filled circles). For the
thinnest Fe layer of 5.1 A, a gradual decrease of the VCMA coefficient with increasing Cr thickness was found,
from 302 fJ/Vm for d., = OE to 257 f]/Vm for dc, = 0.4 A and finally to 199f]/Vm for d., = 0.7 A (Fig. 9, black
squares). For thicker Fe layers, an enhancement of the VCMA coefficient was observed for sub-angstrom Cr dop-
ing. The strongest influence of Cr on the VCMA was obtained for tz, = 5.6 A and tz, = 5.9 A. For an Fe thickness
of t;,= 5.6 A, we noted a VCMA coefficient of 226 fJ/Vm without Cr insertion, which was enhanced to about 360
{J/Vm with Cr doping of 0.6 A (blue squares). For t;,=5.9 A, an enhancement of the VCMA coefficient from 230
f]/Vm to 367 fJ/Vm was noted when a 0.7 A-thick Cr layer was inserted at the Fe/MgO interface (Fig. 6, pink
squares). For a given Fe thickness, the Cr thickness for which a maximum VCMA coefficient was noted is shifted
towards thicker Cr in comparison with the thickness for which a maximum Keﬁwas obtained. However, for some
Fe thicknesses, a high K,;and enhanced VCMA coefficient could be obtained by using Cr insertion. The highest
value of the VCMA coefficient of 367 {J/Vm was noted for an Fe thickness of 5.9 A and a Cr thickness of 0.7 A, for
which K,z was estimated to be 0.8 MJ/m>.

As we shown in the experiment, an enhancement of Koy and the VCMA coeflicient could be obtained with a
small amount of Cr doping at the Fe/MgO interface. However, the origin of the effect is unclear. The most prob-
able cause is the Cr-impurities induced modification of the electronic structure of Fe. Modification of the band
structure of Fe atoms at the Fe/MgO interface could affect both PMA and its VC. The impact of Cr impurities
on the MA in Fe/MgO was investigated by Hallal et al. with a use of first-principle calculations™. They showed
that PMA in the system can be enhanced due to the reduction of shape anisotropy, which prefers in-plane mag-
netization alignment. However, in our experimental studies we did not observe significant reduction of M for
Cr-dopped samples. Thus, enhancement of PMA obtained in our studies cannot be explained with reduction of
shape anisotropy. Recent theoretical studies showed that the enhancement of PMA can be obtained if the valence
charge at the Fe/MgO interface is optimized®'. Zhang et al. obtained that PMA at the Fe/MgO interface increases
with adding holes to the system as a consequence of an increase of electric field at the interface. After reaching a
maximum, a gradual reduction of PMA was noted due to the reduced contribution from the dx), orbitals. Because
of a reduced number of the valence electrons in Cr in comparison with Fe, Cr insertion at the Fe/MgO interface
could act as a hole doping at the Fe/MgO interface and its optimal concentration would lead to an enhancement
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of PMA and VCMA. However, in the same paper the authors show that the doping of Fe with Cr is not the same
as the rigid decrease of number of electrons in Fe, which might be attributed to the smaller electronegativity of
the Cr atoms in comparison with Fe. Thus, a theoretical calculations that more accurately reproduce experimental
conditions are still needed.

Finally, a change of a strain at the Fe/MgO interface due to the Cr doping could be responsible for enhance-
ment of PMA and its voltage control. Although a big strain should not be expected in the system due to the small
lattice mismatch between Fe and Cr (0.6%), recent ab-initio calculations showed that even small modification of
the strain can dramatically affect the VCMA®.

In our experiment we can distinguish two Fe thickness regimes in which a different K,4(d(,) dependence
were noted. While a decrease of K,as a function of d, was obtained for a very thin Fe, an enhancement of K,
was noted for an optimal Cr doping for thicker Fe layers. Analogically, two ¢z, regimes can be recognized for the
VCMA(d,,) dependence. This indicates that for very thin Fe films the magnetic properties of MgO/Cr/Fe/Cr can
be also influenced by the lower Fe/Cr interface. Especially, an increase of density of the Cr atoms close to the top
MgO/Fe interface is expected due to the proximity of the lower Fe/Cr interface, which can determine magnetic
properties in the system.

Conclusion

In summary, we proved that sub-monolayer Cr insertion at the Fe/MgO interface could enhance both PMA and
its electric field induced change. Similarly to our previous results, we noted an increase of PMA when a negative
voltage was applied. Moreover, for t, > 5.4 A we showed that the change of K,gunder an electric field was more
pronounced when a Cr layer was inserted at the Fe/MgO interface. This result, together with a detailed analysis of
the chemical structure of the Cr/Fe/MgO system with the use of Mdssbauer spectroscopy, shows that the presence
of Cr at the interface may induce a strong VCMA effect.
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