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Ab initio study of magnetism at iron surfaces under epitaxial in-plane strain
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We investigated magnetism at the (001) surface of iron and its response to the epitaxial in-plane strain that
corresponds to bee-fee (Bain’s) transformation path using ab initio (first-principles) spin-density-functional
theory calculations within the generalized gradient approximation. The magnetic moment is enhanced at the
surface of a ferromagnetic (FM) film under a strain-free condition. This was caused by electron rearrangement
from the minority-7,, to majority-,, state due to the decrease in nearest neighbors at the surface. Under
in-plane strain, the magnetic and structural phase transition from the FM-bcc to double-layer-
antiferromagnetic-fcc occurred at the critical strain of £=-0.09, accompanying directional bond switching
from the nearest-to second-nearest neighbors in the minority spin. The transition caused a discontinuous
change in the magnetic moments on the inner layers of the film across the transition, while the magnetic
moment of the surface layer was rather insensitive. This was because the electron rearrangement from the 7,,
to e, states during the transition was limited to within the minority spin due to the fully occupied majority spin

state.
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I. INTRODUCTION

In recent years, nanostructured materials have attracted
considerable attention and research because of their unique
magnetic properties with respect to those of the bulk!=* and
their potential technological applications, e.g., high-density
magnetic memory and sensors.*~” Transition-metal magnetic
ultrathin films and multilayers are, in particular, of central
interest due to their complex magnetic phase diagram. For
example, face-centered-cubic (fcc) y-Fe ultrathin films epi-
taxially grown on Cu(100) substrates exhibit a variety of
magnetic properties,® while body-centered-cubic (bcc) a-Fe
exhibits a ferromagnetic (FM) ground state. Theoretical stud-
ies based on ab initio (first-principles) spin-density-
functional theory (DFT) calculations have mostly contrib-
uted to this issue and have revealed that the magnetic ground
state of y-Fe ultrathin films depends sensitively on their
thickness and symmetry.>~'2

Iron thin films grown epitaxially on a specific substrate
are subject to in-plane tension or compression due to lattice
mismatch at the interface between the film and the substrate.
The resulting in-plane strain induces tetragonal distortions to
the lattice of film, which lead to a crystalline structure trans-
formation from bee (@) to fee (7). The deformation from bec
to fcc is known as the (epitaxial) Bain’s transformation
path'3 and has been used to theoretically investigate the mag-
netic phase diagram of transition-metal thin films grown on
various substrates:'*"1° Fridk et al.'* investigated the mag-
netic phase boundaries in iron along the Bain’s path with
various volumes using ab initio full-potential linearized aug-
mented plane-wave (FLAPW) method, which included the
collinear magnetic orderings of the FM, nonmagnetic (NM),
single-layer-antiferromagnetic (AFM1-7]11...) and
double-layer-antiferromagnetic (AFMD-171] |...)° states.
They showed that theoretically predicted FM/AFMD/AFM 1
phase boundaries agreed well with the experimental observa-
tions within the generalized gradient approximation
(GGA).?%2! In recent years, Tsetseris'® and Okatov et al.'®
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further included the noncollinear spin-spiral (SS) state in the
magnetic phase diagram of iron. In these studies, however,
there was little discussion of the change in magnetic moment
along the Bain’s transformation path. In addition, the influ-
ence of the surfaces, which strongly affect the magnetic
properties,””?” was neglected because the bulk iron model
was employed. It is, therefore, worth investigating the intrin-
sic change in magnetic properties at iron surfaces along the
Bain’s transformation path.

In this paper, we performed ab initio spin-density-
functional theory calculations to study magnetism at the iron
(001) surface and its response to epitaxial in-plane strain
corresponding to the well-known Bain (bce-fee) transforma-
tion path. The simulations simultaneously included the pos-
sible magnetic orderings of the collinear FM, AFM1, AFMD,
and NM, and noncollinear SS states for the study of stable
magnetic phases. The characteristic magnetism at the surface
was discussed in terms of the spin-polarized bonding struc-
tures.

II. COMPUTATIONAL DETAILS
A. Simulation method

Ab initio (first-principles) spin-density-functional theory
calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP) code.?®? The electronic wave
functions were expanded in plane-waves up to a cut-off en-
ergy of E ;=360 eV. The electron-ion interaction was de-
scribed by projector-augmented-wave (PAW) potentials3®3!
that explicitly included the 3d and 4s electrons in the valence
states. Since the PAW method realizes not only the compu-
tational efficiency of the pseudopotential method but also the
accuracy of all-electron scheme that avoids the problems
concerning to the linearization of the core-valence exchange
interaction, the PAW method provides a correct description
of magnetism at transition-metal surfaces.’> To evaluate the
exchange-correlation energy, we employed the GGA of the
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FIG. 1. (Color online) Simulation model for the Fe (001) sur-
face. The model has a slab geometry with the 12-layered thickness.
The solid boxes represent the simulation cell.

Perdew-Burke-Ernzerhof (PBE) functional,?! which success-
fully yielded the structural and magnetic ground state of
iron.!”-33 Within the GGA, the preliminarily calculated lattice
constant a,=2.831 A, magnetic moment M=2.20up, and
elastic constants C;;=247 GPa, C;,=143 GPa, and Cy
=105 GPa for the FM bcc iron bulk were in good agreement
with the experimental values’* of a,=2.867 A,
M=222up, and C;;=243 GPa, C;,=139 GPa. and
Cy4=122 GPa, respectively.

B. Simulation models and procedure

The magnetism of the (001) iron surface was studied us-
ing a 12-layered slab model, which had sufficient thickness
so that undesirable interactions from other surfaces could be
neglected.”? Figure 1 shows the simulation cell of the 12-
atomic-layered Fe film with the (001) surfaces. A three-
dimensional periodic boundary condition was applied to the
simulation cell. The lateral (x and y) cell sizes were initially
set to the theoretical lattice constant of Fe bulk, a,
=2.835 A. A vacuum region of /,=15.0 A thickness was
introduced in the z direction so that interaction among neigh-
boring films due to the periodic boundary condition was neg-
ligible. Thus, the initial cell dimensions in the x, y and z
directions were L,=a,, L,=a, and L,=5.5ay+[,, respec-
tively. The bulk model of bcc iron with the initial lattice
constant of ayX ayX ay was also simulated for comparison.
The Brillouin zone (BZ) integration was carried out with
14X 14X 2 and 14X 14X 14 k-point meshes generated by
the Monkhorst-Pack scheme3® for the film and bulk models,
respectively.

To obtain a relaxed surface structure, the atomic positions
were fully relaxed using the conjugate gradient (CG) method
until all the Hellmann-Feynman forces were less than 1.0
X107 eV/A.

PHYSICAL REVIEW B 81, 134420 (2010)

To investigate the effects of in-plane epitaxial strain, &,
we applied a small incremental strain equally in both the x
and y directions, Ae=Ag, =Ag,,, stepwise to the film and
bulk models. This deformation was called the epitaxial
Bain’s (bcc-fec) transformation path. The structural relax-
ation described above was performed at each strain. Because
the lattice of the film freely relaxed along the z direction due
to the free surface, the stress condition was, therefore, o,
=0,,#0, 0,,=0 (0, 0y, 0,;: normal stresses). For the fair
comparison, the lattice parameter in the z direction of the
bulk model was also relaxed so that the stress component of
o, was equal to zero.

To study the stability of complex magnetic phases in iron
along the Bain transformation path, we considered the fol-
lowing possible magnetic orderings: collinear FM, NM,
single-layer (AFMI1-T] 1 1]...), and double-layer
(AFMD-11 | |...)>'* antiferromagnetic, and noncollinear
SS states. For the correct description of the ground state in
the noncollinear spin-spiral state,'®!” we employed a full
vector-field description of magnetization.’” In addition, the
incommensurate solutions of the SS state were correctly de-
scribed by applying the generalized Bloch conditions.!?38

III. RESULTS AND DISCUSSION
A. Magnetism at unstrained surface

Under the stain-free condition, it is well known that the
FM state is the most favorable in the bcc iron because it has
the lowest total energy. The calculated total energy differ-
ence per atom between the stable FM and other phases is
AEN =0.407 eV/atom, AENR - =0.175 eV/atom
and AER 1=0.451 eV/atom, and AENR v
=0.302 eV/atom, AEYR - o =0.147 eV/atom,  and
AE}C\‘III‘\‘,[1 m=0.471 eV/atom, for the bulk and film, respec-
tively. For the noncollinear SS state, the wave vector of
q=(0,0,0) gives the minimum energy, indicating that the
FM state is favorable. The strain-free (001) surface in the
FM state is, therefore, the focus of the following discussion.

The surface energy, Eg, can be calculated from the follow-
ing equation:

_ Ejm — EpuV

s ZS ’ (1)

where Egn, Epare N, and S denote the total energy of the
ferromagnetic iron film that of the bulk, the number of atoms
and the surface area of the film model, respectively. The
calculated surface energy of the (001) surface in the FM
phase was 2.48 J/m?, which is in excellent agreement with
2.47 J/m? obtained from a preceding DFT calculation.?? The
obtained result is also comparable with the available experi-
mental values’**? of 2.41 and 2.55 J/m? although these val-
ues were obtained for the polycrystalline surface. These
agreements demonstrate the reliability of our DFT calcula-
tions for the surface.

Figure 2 shows the layer-resolved local magnetic moment
in the FM iron film with and without structural relaxation.
The structural relaxation leads to change in interlayer dis-

tance between the ith and jth layers A;; A;,=-0.050 A,
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FIG. 2. Layer-resolved local magnetic moment in the FM iron
film with and without structural relaxation. The layer number cor-
responds to that in Fig. 1. Only the top half of the model is shown
due to the centrosymmetry in the z direction. The dashed horizontal
line indicates the magnitude of the magnetic moment of bulk Fe,
MPYR=2 20,

A»;=0.036 A, A34=0.009 A, and A,;5=-0.006 A. The
change in interlayer distance calculated in this study is in
good agreement with preceding theoretical studies?>?* and an
experimental observation by a low-energy electron diffrac-
tion (LEED).*! The local magnetic moments were calculated
by projecting the wave functions onto the spherical harmon-
ics within the spheres around each atom, with radii equal to
the Wigner-Seitz radii. The figure clearly reveals the en-
hancement of magnetic moment with respect to that of the
bulk in the vicinity of the relaxed surface. The surface atom
(layer 1) had the highest magnetic moment of 2.94 u, which
was in good agreement with the value from earlier theoreti-
cal studies of the (001) surface?>*? of 2.95uz and 2.98uz.
No remarkable difference could be found in magnetic mo-
ments among the unrelaxed and relaxed surface structures,
suggesting that the surface relaxation contributed little to the
enhancement of magnetic moment.

Figure 3 shows the majority-spin and minority-spin den-
sity distributions on the (110) plane in both FM bulk and
film. In the bulk, the majority-spin density distribution was
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FIG. 3. (Color online) Majority-spin and minority-spin density
distributions on the (110) plane in (a) bulk and (b) film.
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FIG. 4. (Color online) Schematic illustration of (a) hybridized
trg (dyy, dy., and d,) and (b) e, (d,2_,2 and d2) orbitals in the bce
iron.

almost spherical (isotropic), while a clear anisotropy was
found for the minority spin. The distribution of the minority
spin was mostly directed toward the nearest neighbors. The
atom at the (001) surface of the film (layer 1), on the other
hand, lost the directionality in the minority spin toward the
surface normal due to the absence of nearest neighbors.

According to crystal-field theory, the five d orbitals, d,,,
dy,, d., d_y, and dp, in the bee crystal reduce to the hy-
bridized t,, (dx , dy, and d,) and e, (do_2 and d.)
states.**** The 1,, and e, orbitals are depicted in Fig. 4.

The t2g electrons distributed toward the elght nearest
neighbors in the bee lattice by forming ddo bonds,* while
the e, electrons were directed toward the second-nearest
neighbors. From the standpoint of the charge distribution of
I, and e,, the minority-spin density distribution along the
nearest- ne1ghb0r direction should arise mostly from the f,,
state.

Figure 5 plots the spin-polarized local electronic density
of states (DOS) for the total d and t,,-¢, decomposed states
in the bulk and at the (001) surface (the atom in layer 1 of the
film). The local DOS was calculated by projecting the wave
functions onto the spherical harmonics within the spheres
around each atom. For the iron bulk, the majority-spin 7,,
and e, states were almost fully occupied although there was
slight ,, state above the Fermi level, Ex. This suggests that
both the 7,, and e, states were almost equitably occupied,
which led to no specific directionality in the majority-spin
density distribution in Fig. 3(a). On the other hand, the 1,,
state was highly occupied in the minority-spin DOS while
most of the e, states were located above the Fermi level. This
is consistent with the directional minority-spin density distri-
bution toward the nearest neighbors. In the DOS of the (001)
surface, a remarkable difference from the bulk was found in
the 1,, state: The 1,, states in the majority spin were localized
around the lower energy level of —3.0 eV, which resulted in
a fully occupied d majority-spin state. On the other hand, the
I, bands in the minority spin were localized around an en-
ergy level slightly higher than Eg. Thus, the 7,, state had a
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FIG. 5. (Color online) Total d and #,,-e, decomposed electronic
local DOS (a) in the Fe bulk and (b) at the (001) surface. Ep denotes
the Fermi level.

reduced bandwidth (the energy-level range that a state occu-
pies), compared to that of the bulk. On the other hand, no
difference was eminent in the e, state. It is well known that
the bandwidth is reduced as the coordination number de-
creases. There are four fewer nearest neighbors at the surface
than in the bulk (4 vs. 8), while there is only one fewer (6
—35) second-nearest neighbor. Having 50% fewer nearest
neighbors at the surface results in a significant decrease in
the bandwidth of the corresponding 7,, state, while the slight
change in the e, DOS arises from the more limited loss of
second-nearest neighbors.

As a consequence of the energy-level shift of the 1,, states
across the Fermi level between the bulk and the surface, the
number of majority-spin and minority-spin electrons
changes. Figure 6 shows the number of majority-spin and
minority-spin electrons, Npgority @0d Npyinoriy> respectively,
for the 1,, and e, states in the bulk and at the surface. Com-
paring the (001) surface with the bulk, a significant increase
(decrease) in the number of electrons was found in the
majority-spin (minority-spin) t,, states. This indicates that
electron rearrangement from minority-spin #,, to majority-
spin ,, states occurs at the surface layer due to the lower
number of nearest neighbors. This results in enhancement of
the magnetic moment at the (001) surface, because the mag-
netic moment is defined as the difference between the num-
ber of majority-spin and minority-spin  electrons,
M=Nmajorily_Nminority'

B. Effect of in-plane strain (epitaxial Bain’s path)

Figure 7(a) shows the total energy per atom of the Fe bulk
in the collinear FM, AFM1, AFMD, NM, and noncollinear
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SS phases as a function of in-plane epitaxial strain, €. Since
the total energy of the SS phase depends on the wave vector,
q, we took the minimum energy at each applied strain along
the T'-X-W path'? shown in Fig. 7(b). Note that, since the
spin-spiral wave vector of q=(27/a) X (0,0,0), which cor-
responds to the collinear FM state, gives the minimum en-
ergy along the path at the strain region of £=-0.09, the SS
plots are presented only at € =—0.10. The FM phase is fa-
vorable under tension, while the magnetic phase transition
from the FM to AFMD occurs at a strain of £=-0.09 under
compression. This result is consistent with the previous
studies'>!* of the energetics of magnetic phases along the
Bain’s transformation path. Note that the AFMI phase is
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FIG. 7. (Color online) (a) Total energy per atom as a function of
in-plane strain, &, of bulk Fe in the collinear FM, AFM1, AFMD,
NM, and noncollinear SS phases. (b) Total energy per atom as a
function of spin-spiral wave vector, q, of the Fe bulk at each in-
plane strain. The SS wave vector is taken along the I'-X-W path.
The filled symbols indicate the minimum at each applied strain.
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FIG. 8. (Color online) (a) Tetragonality of lattice, c/a, as a
function of in-plane strain, &, of the iron bulk and film. ¢;, denotes
the z-lattice parameter, which corresponds to the interlayer distance
between layers 1 and 2 of the film, dj,=c;,/2. (b) Magnitude of
magnetic moment as a function of in-plane strain, &, of the iron
bulk and film. The stable phase structure at each strain is shown by
the solid lines; the FM phase for € =-0.08 and the AFMD phase for
£=-0.09. See also Fig. 7(a).

energetically unstable with respect to the AFMD phase at all
the strain, because the AFM1 can be stabilized only at much
lower atomic volume.'*

Figure 8(a) shows the tetragonality of the lattice, ¢/a, as a
function of in-plane strain, &, of the iron bulk and film,
where a and ¢ denote the lattice parameters in the lateral x
and y directions and in the z direction, respectively. A local
structural change at the surface was also examined by intro-
ducing the lattice parameter of the surface layer, c;,=2d;,,
where d,, is the interlayer distance between layers 1 and 2.
The tetragonality was initially ¢/a=1 in the unstrained con-
dition, indicating the bcc structure. The c¢/a increased nearly
linearly as compressive strain was applied. At a strain of &
=-0.09 where the FM-AFMD magneticr phase transition oc-
curred, an abrupt increase in c/a over v2 was observed. This
indicates that the change in crystalline structure from bcc to
fcc is related to the phase transition because both phases
have different volume at the same strain. The structure of the
AMFD phase is much closer to the fcc than that of the FM
phase before and onset of the phase transition [see the open
symbols in Fig. 8(a)]. Note that this change in ¢/a was es-
sentially the same for the bulk and film. The change in c¢{,/a
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FIG. 9. (Color online) Change in the minority-spin density dis-
tribution during the FM bce (e =—0.08)-AFMD fcc (e=-0.10) tran-
sition in the bulk and at the (001) surface. Top and bottom panels
represent the (110) and (100) planes for the nearest neighbors and
second-nearest neighbors, respectively.

indicates that the structure at the surface also changed to fcc
at the critical strain.

Figure 8(b) shows the magnitude of the magnetic moment
as a function of in-plane strain, &, in the iron bulk and film.
The stable FM and AFMD phase structures were taken for
£=-0.08 and £ =-0.09, respectively. The applied tensile in-
plane strain tended to enhance the magnetic moments while
they were suppressed by compression in both the bulk and
film. Because of the magnetic and structural phase transition
from FM-bcc to AFMD-fcc, the magnetic moment for the
bulk and the inner layers of the film exhibited a discontinu-
ous change at the critical strain of £=-0.09. On the contrary,
the magnetic moment at the surface layer was rather insen-
sitive to this transition, in spite of the abrupt change in crys-
talline structure.

Figure 9 depicts the change in minority-spin density dis-
tribution during the FM bee (e=-0.08)-AFMD fce (e=
—0.10) transition, both in the bulk and at the (001) surface.
The charge density along the nearest-neighbor directions in
the (110) plane became sparse in both the bulk and at the
surface, indicating that the ddo bond among the nearest
neighbors was considerably weakened during the transition.
On the contrary, the charge density increased along the
second-nearest-neighbor direction in the (100) plane. This
change in the electron distribution suggests that the occupied
electronic state of 1,, in the minority spin increases while
that of e, decreased.

Figure 10 shows the change in the number of majority-
spin and minority-spin electrons in the 7,, and e, states as a
function of in-plane strain, €, in the bulk and at the (001)

134420-5



SHIMADA, ISHII, AND KITAMURA

(a) bulk (b) (001) surface
35 — T T 3.5 T T T
1 FM = @ 1 FM = @
! AFMD OO ! AFMD OO
30 1 ! 1 30 f ! 1
& ! ‘
o) AR -,
E 251 ! = 25 ¢t : Majority—spin ,,
% , Majority—spin by, :
| |
B 20T | Majority—spin €, | 2.0 F : Majority—spin €g '.
Yt
8 &8 ‘
g 15F | g o 4 15 S
=) i | Minority-spin &,
Z. (N E . | B B
O Minority—spin #, 10 |
1.0 :O . X -
Minority—spin €, O Minority—spin €,
Ll vy L o

20.15-0.10-0.05 0.00 0.05 0.10
In—plane strain €

0.5 .
—-0.15-0.10-0.05 0.00 0.05 0.10
In—plane strain €

FIG. 10. (Color online) Change in the number of majority-spin
(red or dark gray) and minority-spin (blue or black) electrons in the
1, and e, states as a function of in-plane strain, &, (a) in the bulk
and (b) at the (001) surface. The vertical dashed lines indicate the
FM bec—AFMD fec transition. The full and open symbols indicate
the FM and AFMD phases, respectively. The stable phase structure
at each strain is shown by the solid lines; the FM phase for e=
—0.08 and the AFMD phase for £ =-0.09. See also Fig. 7(a).

surface. In the bulk, the number of minority-spin and
majority-spin electrons discontinuously changed at the tran-
sition strain of £=—0.09, which led to an abrupt change in
the magnetic moment of the bulk. On the other hand, the
number of majority-spin electrons was almost unchanged
and electron rearrangement was limited to within the
minority-spin state at the surface. Figure 11 plots the change
in the local electronic density of states (DOS) of the #,, and
e, states between the in-plane strains of £=-0.08 (FM) and
£=-0.10 (AFMD) in the bulk and at the (001) surface. Un-
occupied #,, and e, states existed for both the majority and
minority spins in the bulk during the FM-AFMD transition
while the majority-spin state remained fully occupied at the
(001) surface because of its low coordination number. The
electron rearrangement was, therefore, limited to within the
minority-spin state, which limited the change in the magnetic
moments at the surface.

IV. CONCLUSION

Ab initio (first-principles) spin-density-functional theory
calculations within the GGA were carried out to investigate
magnetism at the iron (001) surface and its response to the
epitaxial in-plane strain that corresponds to the well-known
Bain transformation path. The collinear FM, AFM1, AFMD,
NM, and noncollinear SS states were included in the calcu-
lations along the Bain’s path.
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FIG. 11. (Color online) Change in local electronic DOS for the
1, and e, states between the in-plane strains of £=-0.08 (FM) and
£=-0.10 (AFMD) (a) in the bulk and (b) at the (001) surface.

At the strain-free (001) surface of FM film, the magnetic
moment was enhanced to be 2.94up over that of the bulk,
2.20up. This was mainly because of electron rearrangement
from the minority-spin #,, to the majority-spin #,, state at the
surface caused by the reduced coordination number of near-
est neighbors.

In-plane tensile strain tended to enhance the magnetic mo-
ments, maintaining the FM state during tension, while a
structural and magnetic phase transition from FM-bcc to
AFMD-fcc occurred under a compressive strain of
€=-0.09, which was accompanied by directional bond
switching from nearest-to second-nearest neighbor in the mi-
nority spin. As a result, the magnetic moment of the inner
layers of the film changed discontinuously due to the abrupt
structural and magnetic changes. On the other hand, that of
the surface layer was insensitive during the transition. This is
because electron exchange from the #,, to e, states during the
transition was limited to within the minority-spin state due to
the fully occupied majority-spin state.
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