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Origin of the large voltage-controlled magnetic anisotropy in a Cr/Fe/MgO junction
with an ultrathin Fe layer: First-principles investigation
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Voltage-controlled magnetic anisotropy (VCMA) has attracted broad interest due to its high efficiency in
switching magnetization. Large VCMA was experimentally observed in Cr/Fe/MgO junction with ultrathin
Fe layer [Nozaki et al., Phys. Rev. Appl. 5, 044006 (2016)], whose underlying mechanism was still not clear
however. The Cr/Fe/MgO/Fe magnetic tunnel junction (MTJ) is also well known for its quantum-well (QW)
states and as-induced spin-dependent resonant tunneling [Greullet et al., Phys. Rev. Lett. 99, 187202 (2007)].
Here, in order to uncover the relation between the large VCMA and the QW states, we developed a k-resolved
VCMA calculation method combined with the second-order perturbation theory to investigate it. We find the
VCMA coefficient reaches —297 fJ/V m matching well with the previous experiment with three monolayers
(MLs) of Fe. The coefficient oscillates strongly and even changes its sign with increasing the number of Fe
MLs. Comparing the k-resolved VCMA with the Fermi surface of the interfacial Fe atom, the screening charges
theory for VCMA was verified. For 2-9 MLs Fe, interestingly, the QW states of A, electron at the I" point
provide large (no) contribution to the VCMA with odd (even) MLs. Moreover, the change of the orbital-resolved
Fermi surface at the interfacial Fe atom also plays an important role on VCMA oscillation, which as well as the
QW states results in the largest VCMA for 3-ML Fe. Our results deepen the understanding of the large VCMA

in the Cr/Fe/MgO junction, which would be helpful to design a practical MTJ with large VCMA.

DOI: 10.1103/PhysRevB.101.144434

I. INTRODUCTION

Voltage-controlled magnetic anisotropy (VCMA) enables
one to apply electric field rather than current to efficiently
switch or manipulate magnetization without Joule heating
[1-9]. In magnetic random access memories (MRAMs),
VCMA can assist spin-transfer torque or spin-orbit torque
switching [10,11] or directly be applied in precessional
switching by well-defined voltage pulse [12,13]. For both
applications, large VCMA is desired.

There are several strategies to achieve large VCMA.
Voltage-driven ionic reactions can contribute giant VCMA
of 5 pJ/Vm [14,15] but with slow speed. Ferroelectricity or
piezoelectricity provides another solution [13,16] but with
limited endurance. Electric field across a magnetic tunnel
junction (MTJ) can redistribute electrons near the interface,
which directly serves as a third manner to produce large
VCMA. Besides, Fe/MgO/Fe or CoFeB/MgO/CoFeB MTJ
has been widely used in MRAM owing to its high tunnel
magnetoresistance ratio [17-20] and perpendicular magnetic
anisotropy [21,22]. Thus it seems appealing to realize large
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VCMA directly in Fe/MgO/Fe MTIJs, which shares compati-
bility with current MRAM technology [23-27].

Recently, large VCMA up to 290 fJ/Vm in Cr/Fe/MgO
with ultrathin Fe layer (0.44 nm or 3 MLs) was obtained
in experiment [28-30], while it was 23 fJ/V m in V/Fe(0.5
nm)/MgO [24] and around 30 fJ/V m in Ta/CoFeB(l
nm)/MgO junctions [31]. This VCMA seemly relies on the
species of the underlayer. Furthermore, it depends sensitively
on Fe thickness (tg.) and sharply degrades to less than
100 fJ/V m for 0.69 nm Fe. Cr/Fe/MgO/Fe MTJ has
also been studied extensively in the past decades because
of quantum-well (QW) states and as-induced spin-dependent
resonant tunneling in it [32-36]. Here the QW states are
composed by the A; states at ' point of Brillouin zone
from the thin Fe layer between Cr and MgO because there
exists a gap for Cr A, states. The number of the QW states
depends on the number of Fe monolayers (MLs); the thinner
Fe layer leads to the sparser QW states. Then the following
question whether the large VCMA correlates with the QW
states naturally emerges.

In order to answer the question, we developed a first-
principles k-resolved VCMA calculation method, combining
the second-order perturbation theory and partial density of
states (PDOS) analysis at I" point. This method enabled us to

©2020 American Physical Society
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clearly uncover the origin of the large VCMA in Cr/Fe/MgO
junctions. Calculated VCMA reached —297 {fJ/V m for 3-ML
Fe, matching experiment well [28]. Furthermore it oscillated
from negative to positive with the increase in fg.. The screen-
ing charge theory for VCMA [4,27] was verified through
comparison between k-resolved VCMA and the Fermi surface
of interfacial atoms. More importantly, the QW states as well
as electron redistribution near the Fermi energy resulted in
the VCMA oscillation and the largest VCMA for 3-ML Fe.
The interfacial resonance states (IRSs) at the Fe/MgO inter-
face [17] also contributed some hot spots for the k-resolved
VCMA. Our results might guide a design of optimized MTJs
with giant VCMA performance.

II. METHOD

The magnetocrystalline anisotropy (MCA) energy is cal-
culated by the force theorem approach [37]. Within this
theorem, a non-self-consistent calculation including spin-orbit
coupling (SOC) is performed for a given orientation of mag-
netic moment with a fixed charge density obtained from
a self-consistent calculation in the absence of SOC. With
the Methfessel-Paxton smearing method for electron states
occupation, the MCA energy is composed by two terms:

MCA = Fl — F+ = AE, — TAS, (1)
where F* (F!) represents the free energy for out-of-plane (in-
plane) magnetization orientation with respect to the interface,
and AE, (AS) is the difference of band energy (entropy) from
out-of-plane to in-plane magnetization orientation. AE, can
be resolved in the two-dimensional Brillouin zone,

= Zgrllk
E.(k) = Z(eﬂk - 8nk)(f"k > i) ; )

B = Y G o)

n

AE, (k) o= ek fi = AE.(k) + AEf(k),

nk) f fnJ];),

where &, (f,;) is the eigenvalue (occupation number) for the
nth band with wave vector k. We divide it into two parts as
shown in the above formula. AE, means the energy originated
from the change of eigenvalue on the order of meV. AEy
means the energy that results from the electron transfer among
k points and it is on the order of eV. We will prove that the
k-resolved MCA energy can be exactly equal to AE, in the
following. Because the variation of free energy F with respect
to occupation number f,; should be zero, we get

OF _ 8E, T3S _
8fnk B 8fnk afnk B

3
Integrating over all k and n,

oF
2 5

Afsc =) eulfu —TAS=0.  (4)

This means that AE; ~TAS as A f,; is small enough. There-
fore, there is the k-resolved MCA energy,

L+ )
Z(Snk nk) 2 L . (5)

Next, we deduce the second-order perturbation theory of
SOC for MCA at a specific wave vector k. Within the Bloch
representation, the Hamiltonian including SOC for a single &
point is given by

MCA(k) ~ AE,(k) =

P, R Rk
Hi=——V’+—k p+—+V
C= oY Tk Pt Sy TV 6)

+hE6 - (Pxk)+E6-L,

where 7 1s the reduced Planck constant, m is the electron mass,
V(r) is the crystal potential, and £ is the SOC constant. The
fifth and sixth terms are derived from SOC and the former is
an odd function in k space. We define an average energy as
follows:

MCA(k) + MCA(—k)

2
AMCA(k) is the average of MCA(k) and MCA(—k), and the
sum of AMCA(k) over k equals to MCA, so the perturbation
of the fifth term is eliminated for AMCA(k). Since the sixth
term is the perturbation irrelevant to k, the perturbation theory
can still be treated as performed by Wang et al. [38]. Then

the AMCA approximately equals to the sum of the following
terms:

AMCA(K) = £ Z MW (0"’ ”k)
o0’ Ok,uy (8)

M7 (o, i) = 00/{|<0‘2|Lz|u2')|2 - |<0‘Z|Lx|u2")|2}a

AMCA(k) = ) (N

where o (0') denoting + or — represents the majority or
minority spin of occupied (unoccupied) states, and E, and
E, are the energy levels of the occupied states and the
unoccupied states, respectively. As indicated in Eq. (8), the
AMCA is large when the energy difference between occupied
and unoccupied states is small, or in other words the states
near the Fermi energy contribute the largest to AMCA. The
matrix element M?° (o, uy) is another important element to
calculate AMCA. For example, M~ (d,., d,2) is equal to —3
while M~ (d2_,2, dyy) is equal to 4 for different d orbital
states [39,40]. At last, the k-resolved VCMA is defined as
follows:

VCMA (k) =M, ©)

Efeld

where AAMCA(k) is the difference between AMCA (k) with
and without electric field, and the Egqyq is the electric field in-
tensity inside insulator (MgQO), which is defined positive when
the field points to insulator from metal in the Cr/Fe/MgO
junction.

All the calculations are performed using density functional
theory (DFT) implemented in the Vienna ab initio simulation
package (VASP) [41,42]. The exchange correlation potential
is the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA), while the ion-electron interaction is
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FIG. 1. (a) Calculated electrostatic potential energy across the Cr
(9 ML)/Fe (3 ML)/MgO (5 ML)/vacuum (15 A) supercell and the
structure sketch. (b) MCA for Cr/Fe(3 ML)/MgO junction varies
with the applied electric field.

described by the projector-augmented plane-wave (PAW) po-
tentials [43-45]. A 500-eV plane-wave cutoff energy and
a 51 x 51 x 1 k-point grid are used for MCA calculation,
whose uncertainty has been tested and is less than 0.01 meV.
The junction structure as shown in Fig. 1(a) is relaxed in the
perpendicular direction (z direction) while the in-plane lattice
parameter is fixed to 2.866 A (bulk bec Fe lattice constant). In
our calculation, the large surface magnetization of Cr and the
antiferromagnetic coupling at the Cr | Fe interface coincide
well with the previous report [46].

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows an example of electrostatic potential
energy in the Cr/Fe/MgO/vacuum system with fg. = 3 MLs.
Its slope represents the electric field intensity. The electric
field intensity Emgo (Ep) is 0.064 V/nm (0.200 V/nm) in
MgO (vacuum). By enmgo = Eo/Ewmgo, the calculated relative
dielectric constant of MgO (emg0) equals 3.1. The experimen-
tal 86Xp is about 9.5 [47]. The plausible reasons for this differ-
ence are unrelaxed ions under electric field [27] and the strain
effect [48]. We did not relax the ion structure under every
applied field because of the unaffordable computational cost.
So it should be noted that the effect of ion relaxing on VCMA
is not considered in this paper. As an example, Fig. 1(b) shows
the linearly field dependent MCA of Cr/Fe/MgO with 3-ML
Fe. For all our calculations, the MCA is linearly dependent on
the small field Eygo in the range from —0.12 to 0.12 V/nm
and the VCMA coefficients were calculated using the slopes.

Figure 2(a) plots the MCA of Cr/Fe/MgO junctions with
the Fe layer varying from 1 to 10 MLs. With the increase in fg,
MCA oscillates strongly at first and then around 1.3 mJ/m?
when fg. is up to 1 nm. Previous investigation of MCA on
Fe/MgO shows that the closest (Fe;) and next closest (Fe,)
Fe MLs adjacent to MgO provide the main contribution to
MCA [49], so we plot the layer-resolved MCA contribution
from Fe; and Fe, as shown (the red line) in Fig. 2(a). It is
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FIG. 2. (a) MCA and (b) VCMA for Cr/Fe/MgO junctions with
different number of Fe MLs. For (a), the square and circle represent
the total MCA and MCA from Fe, + Fe,, respectively. For (b),
the square and circle represent the VCMA using Eygo and E,
respectively.

about 1.5 mJ/ m? when tr. = 8-10 MLs, which is close to the
MCA of the Fe/MgO junction [49].

VCMA coefficient calculated using Engo (black line) as
a function of tp. is shown in Fig. 2(b). The largest VCMA
coefficient of —98 fJ/V m is obtained in Cr/Fe/MgO with
tre = 0.43 nm (one monolayer Fe or half lattice constant of
bee Fe is 1.433 A). As mentioned in previous investigation
[23,27], the electric field-induced atomic displacements in
MgO are responsible for ionic contribution to the dielectric
constant and produce an additional effect on VCMA. So we
take these into account by scaling the electric field in MgO
to the sf\,’[(gg, namely, E.., = Ey/ seXpt The VCMA coefficient
calculated using E,., (red line) is also shown in Fig. 2(b),
which is about 3 times of the one calculated using Eygo.
The corresponding largest VCMA coefficient change to —297
fJ/V m, which matches pretty well with the experimental
results of —290 fJ/V m [28]. As shown in Fig. 2(b), the
VCMA coefficient oscillates strongly as increasing the fg,
and changes the sign from negative to positive at a critical
tre of 5-6-ML Fe. Further the VCMA coefficient decreases
quickly with increasing the fg, from 0.44 to 0.70 nm, also
reproducing the observations [28].

The large VCMA for only few Fe MLs and its strong
oscillation may naturally be associated with the QW states
in the junction, which also sensitively depends on the fg.
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FIG. 3. k-resolved VCMA in the two-dimensional Brillouin zone for Cr/Fe/MgO junctions with different number of Fe MLs from 2 to

9 MLs (a)—(h).

Since the QW states in Cr/Fe/MgO show up at the I" point
in the Brillouin zone, as mentioned in the Introduction, we
need to study the VCMA contribution at the I" point to figure
out the relation between the large VCMA and the QW states.
Figure 3 plots the k-resolved VCMA in Cr/Fe/MgO with
2-9-ML Fe. Comparing the k-resolved VCMA with different
tre, there are three important characters worth stressing. First,
a large (no) contribution to VCMA at the I" point for odd-
(even-)ML Fe is observed, which results in the oscillating
VCMA. This large contribution with negative sign reaches the
maximum for tge = 5 MLs and becomes very small when #g,
increases to 9 MLs. These properties are likely to associate
with QW states. Second, for all of the #g., there are two
arc-shaped contributions on both sides of the up and down at
the k points around (k, = 0, k, = £0.2). They have a negative
(positive) contribution on the center (left and right) of the arcs.
Third, the region of k points around (k, = 0.3, k, = £+0.2)
provides to the VCMA a negative contribution with the #g, of
2-3 MLs and a positive contribution when the fg is larger than
4 MLs, which explains the VCMA sign change.

It has been theoretically reported, with the external electric
field, that the screening charge at the metal | insulator interface
is responsible for VCMA [4,27]. So we went into the layer-
resolved VCMA of the Cr/Fe/MgO junction to check the
contributions from the interface and the bulk. Figures 4(a) and
4(b) plot layer-resolved MCA and VCMA for Cr/Fe/MgO
junctions with Fe layer varying from 2 to 8 MLs. The labels
Fe,, Fe, ... Feg represent the closest, the second closest..., the
eighth closest Fe ML to the Fe | MgO interface. As shown
in Fig. 4(a), for all the cases, the main MCA contribution
locates at Fey, due to the hybridization between the Fe-3alz2
and O-2p, orbitals as in the previous reference [22]. As for
layer-resolved VCMA shown in Fig. 4(b), for the most cases,
such as the junctions with 2-, 3-, 6-, 8-ML Fe, the VCMA

contribution has the largest value at Fe; and a small value
inside the bulk Fe. This is comprehensible because the screen-
ing charge locates at the interface, namely Fe;. However, for
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FIG. 4. (a) Layer-resolved MCA and (b) VCMA for Cr/Fe/MgO
junctions with Fe layer varying from 2 to 8 MLs.
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FIG. 5. k-resolved minority partial density of states of interfacial Fe atom (Fe;) located at Fermi level for Cr/Fe/MgO junctions with

(a) 3-ML Fe and (b) 4-ML Fe.

the junction with 5- and 7-ML Fe, the Fe; and even Fes
still have a large VCMA contribution. What is the origin of
this bulk VCMA contribution and is it still relevant to the
screening charge at the interface? At the last of this session,
we utilized the second perturbation theory based on PDOS to
analyze it, and we concluded that the screening charge fills
in the delocalized state at the interface resulting in the PDOS
redistribution inside the bulk region and then the bulk VCMA
contribution.

The screening charge would first fill in the Fermi surface of
Fe; and then influence the k-resolved VCMA. To further ver-
ify the above theory, we compared the Fermi surface located at
Fe; with the k-resolved VCMA. To display an atom-resolved
Fermi surface, we calculated a k-resolved PDOS located at the
Fermi level for Fe; labeled as PDOS (k, Ef, Fe;). As shown
in Fig. 4, for Cr/Fe/MgO junctions with 3- and 4-ML Fe, the
d-orbital-resolved PDOSs (k, E ¢, Fe) with minority states are
plotted. Their majority states are not shown here because the
majority band at the Fermi level has much smaller DOS than
the minority. As we can see, for dy,, d,;, and d,, orbital state,
there are (no) spots around the I" point in Fig. 4(a) [Fig. 4(b)].
This accurately matches that there exists a large (no) VCMA
contribution at the I' point in Cr/Fe/MgO with 3-ML (4-ML)
Fe as shown in Figs. 3(b) and 3(c). For both structures with
3- and 4-ML Fe, two arcs on the up and down side in PDOS
(k, Ef, Fey) of d,; orbital states just correspond to the second
character of the k-resolved VCMA. And in the k region of
the third character, the Fermi surface of d,, and d,>_» orbital
states appear too. Therefore, the charge accumulation on the
Fermi surface of Fe; to screen the external field is regarded
responsible for VCMA.

Now we begin to analyze the three characters of the
k-resolved VCMA in detail using the second-order perturba-
tion theory based on the PDOS at a specific k point. And the
manner of how the screening charge acts on VCMA will be
shown in the following. For the first character, we plot the

PDOS at the I" point of Fe; in the Cr/Fe/MgO junction with
3-6-ML Fe, as shown in Fig. 5. For df orbital states, bulk
bce Fe has a half-metal nature, which means there are only
majority df orbital states across the Fermi level. Since there
is a band gap of d? orbital states for metal Cr and MgO is
an insulator, QW states occur for majority d? orbital states
in the Cr/Fe/MgO junction [24]. As we can see, PDOSs of
majority df orbit (red line) in Fig. 5 split into peaks, and the
number of peaks increases while the peak amplitude decreases
with increasing the fg.. Remarkably, one of the quantized d?
orbital peaks locates at the energy very near to the Fermi level
for the junctions with 3- and 5-ML Fe. But this peak does
not occur for 4- and 6-ML Fe. Besides, taking the case with
3-ML Fe as an example, a peak of minority d,, orbital states
locates at the Fermi level, corresponding to the spots at the I"
point of the Fermi surface in Fig. 4(a). According to Eq. (8),
these d,. and df peaks around the Fermi level would provide
a large positive MCA contribution due to the matrix element
M*~(d,, d2) = +3. When applying a positive electric field,
the positive charge would accumulate at on Fe, atoms, and
then the d,; peaks would move forward along the energy axis
to decrease the occupied PDOS, so the positive MCA energy
would decrease resulting in a negative VCMA coefficient.
This is how screening charge affects VCMA. In the same
way, there is negative (no) VCMA contribution at the I" point
for the junctions with 5-ML (4- and 6-ML) Fe. It can be
concluded that the QW states help to provide negative (no)
contribution to VCMA for Cr/Fe/MgO junctions with odd
(even) MLs Fe resulting in strong VCMA oscillation with
respective to p,.

Figure 6 plots the orbital-resolved VCMA contribution
from Fe;. It should be noted that the orbital-resolved VCMA
contains all the contribution over the k points in Brilliouin
zone. Anyway, for the term (d,,, d2), it is a negative (positive)
contribution in the case with 3-ML (4-ML) Fe as shown in
Fig. 6(a) [Fig. 6(b)]. This just coincides with the negative
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FIG. 6. PDOS at I point of two-dimensional Brillouin zone for
Cr/Fe/MgO with (a) 3-ML, (b) 4-ML, (c) 5-ML, and (d) 6-ML Fe.

(zero) value of k-resolved VCMA at the I point for odd-
(even)-ML Fe which is contributed by d. QW states and
minority d,. orbital peak around the Fermi level. In addition,
it can be seen that the terms (d., d,;) and (d,y, d,>_,2) provide
a large negative VCMA contribution in the Cr/Fe/MgO junc-
tion with 3-ML Fe, too. In a way, these can also be explained
using the PDOS at the I" point as shown in Fig. 5(a). For
the terms (d,;, d,;), the minority d., and d,, orbital states
across the Fermi level are degenerate at the I point because
of space group C4, owned by the system. And deviating
from the I' point, they split into two energy levels with one
occupied and the other unoccupied, which would contribute a
large positive MCA energy due to M~ (dy., d,;) = +1. When
a positive electric field is applied, then the positive charge
is accumulated at Fe;. The positive MCA would decrease
resulting in a negative VCMA contribution. As for the term
(dyry, dy>_y2), a small minority d,, orbital peak and d,>_,» peak
locate exactly at and above the Fermi level, respectively,
which produces a positive MCA with M~ (dyy, d2_y2) =
+4. Analyzing Eq. (8) and the charge accumulation process,
this also gives a negative VCMA contribution. In summary,
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FIG. 7. d-orbital resolved VCMA contribution from Fe; for
Cr/Fe/MgO with (a) 3-ML and (b) 4-ML Fe.

oscillation of the k-resolved VCMA contribution around
the I' point originates from d,. QW states and the change
of the orbital-resolved Fermi surface at Fe; with respect
to tre.

For the second character, we take the specific k points A
and B in the up side arc, as shown in Fig. 3(b), for example,
to analyze VCMA using the second-order perturbation theory.
Inside the arc, the k-resolved VCMA contribution at k point
A (B) is the largest negative (positive) value. Figures 7(a) and
7(b) plot the PDOS of Fe; in the Cr/Fe/MgO junction with
3-ML Fe for k points A and B. It can be seen that there is
a large minority d,, orbital peak located a little below the
Fermi level for both k points A and B, which is confirmed
as IRS because of its fast decay inside bulk Fe. When a
positive electric field is applied and then positive charge
is accumulated, the IRS peaks move toward and cross the
Fermi level. Because the more unoccupied states in IRS peaks
interact with its occupied states, the absolute value of MCA
contribution would be enlarged. We learn from the k-resolved
MCA that it is a negative (positive) MCA contribution for k
point A (B), so a negative (positive) VCMA contribution is
given, just matching the k-resolved VCMA contribution as
shown in Fig. 3(b).

At last, for the third character of k-resolve VCMA, we
plot the PDOS of Fe, for k point C (C’) in the junction with
3- (7-)ML Fe as shown in Fig. 3(b) [Fig. 3(f)]. C and C’
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FIG. 8. PDOS at (a) A, (b) B, (c) C k points for Cr/Fe/MgO with
3-ML Fe and (d) C’ point with 7-ML Fe. A, B, C, and C’ are shown in
Figs. 3(b) and 3(f). C’ and C are the same k points in Brillouin zone.

are the same k points in the Brillouin zone (see Fig. 8). The
remarkable difference from PDOS of C to C’ is that one dj,
orbital peak moves away from the Fermi level while another
d,, orbital peak locates stably a little above the Fermi level,
which results in the change of k-resolved VCMA from nega-
tive to positive. Therefore, it becomes clear that the change
of the Fermi surface with increasing the fp. of junctions
should be responsible for the third character. The origin of the
large negative VCMA in Cr/Fe/MgO junctions with ultrathin
Fe layer (3 MLs) is a concurrence of the negative contribution
in this region and the negative contribution around the I" point
at the same time.

Now we try to explain the bulk VCMA contribution of
Fes and Fes in the Cr/Fe/MgO junction with 5-ML Fe using
the second perturbation theory based on PDOS. Figure 9(a)
[Fig. 9(b)] plots the layer-resolved PDOS around the Fermi
level at the I" point of the Cr/Fe/MgO junction with 3-ML
(5-ML) Fe. The PDOSs for two electric fields are shown in
Fig. 9, where the solid (dashed) line represents the applied

Fe,| /. | |Fe, Fe,

DOS (1/eV)

0.1 0.0 0.1 E-E; (eV)
2t
Fe, dxy  for E,
1r ——dyz,dxz
yZ,
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FIG. 9. PDOS near Fermi level at I" point for every Fe monolayer
of the Cr/Fe/MgO junction with (a) 3-ML and (b) 5-ML Fe with
applied electric field. The solid (dashed) line represents the applied
field in vacuum Ey = —0.2 V/nm (+0.2 V/nm).

field in vacuum Ey = —0.2 V/nm (40.2 V/nm). As shown in
Fig. 9(a), the PDOS at Fe; moves along the positive direction
of the energy axis by applying the positive electric field.
This means the positive charges accumulate at Fe;, which
is consistent with the theory of charge screening. According
to Eq. (8), the occupied d,, orbital states and unoccupied d2
orbital states provide the MCA contribution. When the PDOS
of d,, orbit moves by applying field, the amount of occupied
dy, orbital states decreases and this results in the VCMA
contribution. By comparing the PDOS at Fe;, Fe,, and Fe;
as shown in Fig. 9(a), we can learn that the amplitude of d,,
orbital states is large at Fe; and decreases rapidly at Fe, and
Fes, so that the main VCMA contribution locates at Fe; while
the contribution of Fe, and Fes is small.

In the junction with 5-ML Fe, as shown in Fig. 9(b), the
d,> orbital states intercross the Fermi level. As the quantum
well state, it is a delocalized state and spreads over Fe;, Fes,
and Fes while the amplitude at Fe, and Fe4 is small. Once
a positive field applied, the PDOS of the d, orbit moves
and the occupied d. orbital states decreases, resulting in the
large (small) VCMA contribution of Fe;, Fes, and Fes (Fe;
and Fey). This picture is consistent with the layer-resolved
VCMA of the junction with 5-ML Fe shown in Fig. 4(b).
Therefore, we conclude that the delocalized state filled by
the screening charge results in the PDOS redistribution and
VCMA contribution in the bulk region.
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IV. CONCLUSION

In summary, we study the origin of large VCMA in
Cr/Fe/MgO junctions with ultrathin Fe layer using the
first-principles calculation. We find that the VCMA coeffi-
cient oscillates strongly with increasing the #r. and reaches a
maximum value of —297 fJ/V m for the system with 3-ML
Fe coinciding well with the previous experimental results.
Through the k-resolved VCMA and orbital-resolved Fermi
surface developed in this paper, we confirmed that the screen-
ing charge at the Fe | MgO interface is the direct origin for the
VCMA. Combining with the second-order perturbation based
on the PDOS for a specific k£ point, we deduced that the A;
QW states at the I' point help to provide a large (no) VCMA
contribution for junctions with odd- (even-)ML Fe in the range
of 2-9. In addition, the change of the orbital-resolved Fermi
surface of Fe; also plays an important role in the VCMA
oscillation. The large VCMA for Cr/Fe/MgO junctions with
ultrathin Fe layer are caused by QW states and the change
of the orbital-resolved Fermi surface located at Fe; together.
Finally, it is interesting that IRS can result in some hot spots
in the k-resolved VCMA. Our investigation gains insight into

understanding the large VCMA in the Cr/Fe/MgO junction,
which could be instructive for designing practical voltage-
controlled MRAM devices.
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