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We predict large magnetic anisotropy energy (MAE) and tunneling anisotropic magnetoresistance in bime-
tallic 3d-4(5)d transition-metal structures which properly balance conditions to maximize moment on the
magnetic 3d atom, exchange coupling between the 3d and 4(5)d elements, and magnetic susceptibility and
spin-orbit coupling of the 4(5)d metal. Our ab initio MAE value of 5.57 meV/Mn atom and relative density-
of-states anisotropies of ~100% in the ferromagnetic state of Mn overlayer on W(001) surface demonstrate
that the optimal structures may contain unconventional combinations of transition metals. Results are inter-
preted by employing element and layer specific torque calculations of the MAE. It is shown that large MAE
mainly comes from itinerant 5d(W)-atom magnetic moments at the interface and subinterface which are
induced by exchange coupling with localized 3d(Mn)-atom moments. To relate these highly anisotropic
transition-metal structures to potential applications we also provide estimates of the Curie temperature and the
magnetic recording density that can be achieved for system parameters corresponding to our model ferromag-

netic Mn/W(001) structure.
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I. INTRODUCTION

Key limiting factors for the magnetic recording density,
i.e., for the minimum feasible bit size, are the superparamag-
netic transition in the media and the detection threshold of
magnetoresistive sensors. The superparamagnetic behavior
sets on when the ratio of the magnetic anisotropy energy
(MAE) to the thermal energy kT becomes small, resulting in
fluctuations of the magnetization orientation which erase re-
corded data in short times. The MAE of Co-based transition-
metal materials, used currently in hard disk media, is of a
few tenths of meV per magnetic atom. Larger uniaxial mag-
netocrystalline anisotropies of up to 0.8 meV/atom have been
predicted' for tetragonally strained FeCo alloys, followed by
promising attempts to realize these structures experi-
mentally.? Prospect for order-of-magnitude enhancements of
the MAE in transition metals has, however, remained limited
so far to exotic structures such as the monatomic Co chain
and Co adatom on Pt(111) surface with impractical Curie
temperatures of ~5-15 K.3

The detection threshold of read heads is derived from the
magnetic sensitivity and noise characteristic, and over the
past 15 years the anisotropic magnetoresistance (AMR) and
the tunneling magnetoresistance (TMR) (or giant magnetore-
sistance) sensors completely outperformed classical magne-
toinductive devices. Recent observations of the tunneling an-
isotropic magnetoresistance (TAMR) effect in ferromagnetic
semiconductors*=® and, subsequently, in transition-metal
structures’~'? have opened new opportunity to combine the
assets of the two leading magnetoresistive sensor technolo-
gies. These experimental and theoretical works have estab-
lished that the microscopic origin of the TAMR is derived
from the magnetic anisotropy in the density of states (DOS)
of the ferromagnetic electrode. Maximum TAMR ratios of
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approximately 15% have so far been achieved in Pt-
terminated Co/Pt thin-film multilayers.'” It has been also
pointed out’ that transition-metal systems with large magne-
tocrystalline anisotropies have typically large TAMRS as one
might expect from the common spin-orbit coupling based
origin of these two effects.

In the work reported here we analyze the key physical
quantities determining the anisotropic magnetic characteris-
tics of 3d-4(5)d metal systems making use of ab initio nu-
merical calculations of the MAE and magnetic anisotropy of
the DOS. We consider an unconventional transition-metal
structure formed by a Mn monolayer on W(001) surface.
These model calculations demonstrate that transition-metal
ferromagnets still offer a large potential for increasing MAE
and TAMR. The paper is organized as follows. In Sec. Il A
we calculate and compare total energies of the ferromagnetic
and antiferromagnetic state of the Mn/W(001) structure. Sec-
tions II B and II C present numerical analysis and discussion
of the leading contributions to the MAE; the DOS anisotropy
calculations are reported in Sec. II D. Estimates of the Curie
temperature and recording density in the considered ferro-
magnetic Mn/W(001) model system are given in Sec. IT E.
Section III contains concluding remarks on the nature of the
ground state of Mn overlayer on W(001) surface and sum-
mary of the main results of the paper.

I1. RESULTS AND DISCUSSION
A. Ferromagnetic vs antiferromagnetic state of Mn/W(001)

It was recently reported by Ferriani et al.'! that the ferro-
magnetic (FM) state of Mn/W(001) has lower total energy
than the anti-FM-c(2 X 2) state. Following Ref. 11, we per-
formed supercell calculations for Mn overlayer on W(001)
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FIG. 1. (Color online) Main panel: spin-resolved PDOS for Mn
and interface W layers. Inset: a schematic crystal structure used to
represent the Mn chain at the W(001) surface.

surface, employing the standard VASP-PAW method'? without
spin-orbit coupling (SOC) and making use of generalized
gradient approximation. A supercell model similar to Ref. 11
is used which consists of a nine-layer W(001) substrate with
the ¢(2X2) two-dimensional (2D) unit cell and Mn mono-
layers on each side of the substrate (see the inset in Fig. 1).
In order to find the lowest-energy magnetic configuration,
the FM and anti-FM [¢(2 X 2), p(2 X 1)] Mn overlayer struc-
tures were considered. The in-plane interatomic distance of
pure W (5.98 a.u.) was adopted. The interplane distances
between Mn atom and W surface as well as within the sub-
strate were allowed to relax in the calculations.

The total-energy difference Eppy—Epy=0.183 eV/Mn
atom is obtained for the ¢(2X?2) structure, in good agree-
ment with the value of ~0.2 eV/Mn atom reported in Ref.
11. However, important differences compared to Ref. 11 are
found for the relaxed atomic positions. For the FM case, we
obtain a relatively large (~10.8%) relaxation of the inter-
layer distance d(Mn-W)=2.67 a.u. This value differs from
d(Mn-W)=2.85 a.u. obtained in Ref. 11. Very small (practi-
cally negligible) changes in W-substrate atom positions are
obtained. For the anti-FM case, smaller relaxation of
d(Mn-W)=2.82 a.u. is found which is again different from
the reported value of 2.97 a.u. in Ref. 11. In addition, the
distance between interface and subinterface W layers is re-
duced by ~0.1 a.u. and practically no changes in remaining
W-substrate layer positions are found in our calculations.

For the p(2 X 1) structure, we obtain the total-energy dif-
ference Eapy—Erpv=0.046 eV/Mn atom. For the anti-FM
p(2X1) case, we find d(Mn-W)=2.58 a.u., i.e., a 13.8%
relaxation which is even larger than in the FM case. Again,
we find practically no changes in the W-substrate atom posi-
tions.

The present results for structure relaxation together with
energy difference between different FM and AFM states are
in almost perfect agreement with previous calculations of
Dennler and Hafne.'? The origin of the quantitative differ-
ence between VASP-PAW results and FLEUR calculations can
be explained noticing that no full relaxation is performed in
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TABLE 1. Spin (My) and orbital (M;) magnetic moments in
Bohr magnetons for the magnetization along the z and x axes for the
Mn atom at the surface, W atoms at the interface (I), and next-to-
interface (I-1) layers; MAE=E,—E, in meV/Mn atom as a function
of the number of k points in the full BZ.

z axis Mn w() w(-1)

My 3.176 -0.343 0.072
M, 0.087 -0.055 -0.013
X axis Mn W(I) W(I-1)

My 3.174 -0.342 0.073
M 0.073 -0.011 -0.009

No. of k points 1600 3600 4624

MAE 5.75 5.56 5.56

Ref. 11. They varied and minimized the distance between
Mn overlayer and W substrate while fixing the substrate at-
oms positions. The highly accurate full-potential linearized
augmented plane-wave (FP-LAPW) (Ref. 14) method calcu-
lations using WIEN2K implementation'® and the atomic posi-
tions obtained from VASP for the FM case yield nonzero
forces of 8.2 mRy/a.u. for Mn, 5.9 mRy/a.u. for W-interface,
—-1.9 mRy/a.u. for W-subinterface, and 0.4 mRy/a.u. for
W-subsubinterface layers which were relaxed. These forces
are somewhat bigger than 1-2 mRy/a.u., which is commonly
accepted value for “zero” force at equilibrium atomic posi-
tion, meaning that VASP and FLAPW would yield slightly
different structure relaxations. Still, the differences in the
atomic positions will be on the scale not exceeding 0.1 a.u.
Below we will show numerically that it will have no signifi-
cant impact on the calculated values of the MAE.

B. Magnetocrystalline anisotropy energy

In this section we investigate the relativistic electronic
and magnetic properties of Mn/W(001). We use the relativ-
istic version of the FP-LAPW, in which spin-orbit (SO) cou-
pling is included in a self-consistent second-variational
procedure.'® The conventional (von Barth-Hedin) local-spin-
density approximation is adopted in the calculations, which
is expected to be valid for itinerant metallic systems.

We first employ the magnetic force theorem!” to evaluate
the MAE. Starting from self-consistent charge and spin den-
sities calculated for the magnetic moment aligned along one
of the principal axes, the moment is rotated and a single
energy-band calculation is performed for the new orientation
of the moment. Importantly, the same set of k points has to
be used for the integration over the Brillouin zone (BZ) for
accurate evaluation of the MAE.

The spin Mg and orbital M; magnetic moments for two
directions of the magnetization along the z and x axes are
given in Table I for the Mn atom, W atoms at the interface
(I), and next-to-interface (I-1) layers. There is a strong
M (W) right at the interface which is antiparallel to M ¢(Mn).
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This is a typical behavior of 3d/5d systems with less than
half-filled 5d shell, which differs from the behavior of
(Fe,Co)/Pt bimetallic systems. The spin-resolved projected
density of states (PDOS) for the Mn layer and the interfacial
W layer is shown in Fig. 1, again illustrating the opposite
spin splittings of Mn-PDOS and W-PDOS. The magnetic
moment on W and the W-PDOS spin splitting oscillates and
quickly decay when moving further from the interface. Still,
small spin and orbital moments, M{(W) ~-0.06 up and
M; (W) ~0.01 wp, remain for the central W layer of the slab
(see the insert in Fig. 1) due to a finite-size supercell used in
the calculations.

Rotating the magnetization from the z to x axis produces
practically no anisotropy in M for both Mn and W. M;, on
the other hand, shows a pronounced anisotropy with the
larger value along the z axis. We also note the formal viola-
tion of the third Hund’s rule for the W atoms at the interface
as their Mg and M; moments are not antialigned. This obser-
vation is in qualitative agreement with available experimen-
tal data for FM-Fe/W(110) (Ref. 18) and indicates that the
magnetic moment on W is induced by the exchange interac-
tion with the neighboring Mn layer.

The obtained positive MAE (see Table I) corresponds to
the easy axis oriented along the z direction. The convergence
for the MAE value with respect to the BZ integration was
reached near 3600 k points in the 2D-BZ. The magnitude of
the MAE of 5.57 meV/Mn atom is found remarkably large.
To examine the sensitivity of the MAE to the Mn-W geom-
etry, we performed additional calculations making use of the
relaxed lattice parameters from Ref. 11 and found a compa-
rably large MAE of 4.97 meV/Mn atom for 3600 k points in
the 2D-BZ. The shape anisotropy due to the dipole-dipole
interaction gives an additional contribution to the MAE,"
E;q=-0.12 meV/Mn atom.

C. Element-specific contributions to MAE

We now discuss alternative MAE calculations based on
the torque method,?® which provide useful insight into the
origin of the large MAE we observe in the Mn/W(001) sys-
tem. The technique has been employed in Korringa-Kohn-
Rostoker (KKR) and linear muffin-tin orbitals (LMTO)-
based calculations in the atomic sphere approximation as a
complementary approach to the commonly used magnetic
force theorem. The torque method has been first imple-
mented in FP-LAPW basis in Ref. 21. Importantly, using this
approach allows us to split the total MAE into contributions
from different species in the unit cell. The calculated torque
T(0,)=dE(0, $)/d6 is shown in Fig. 2(a) as a function of
the polar angle 6 corresponding to the x-z-plane (¢$=0) ro-
tation and in Fig. 2(b) as a function of the angle ¢ for fixed

=7. A set of k points equivalent to 3600 & points in the full
2D-BZ is wused in the calculations. The total MAE
= g/szT(ﬁ, ¢=0)=5.41 meV/Mn atom obtained from
these torque calculations is in a very good agreement with
the magnetic force theorem MAE=5.57 meV/Mn atom
(see Table I).

For the tetragonal symmetry case, the phenomenological
total-energy dependence on the magnetization direction reads
(up to the fourth-order terms)
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FIG. 2. (Color online) The torque T(0, ¢) for the x-z plane (¢
=0) (a) as a function of @ and as (b) a function of ¢ for §=45°. The
leading contributions from the Mn top layer, W interface layer, and
W subinterface layer are shown. Equation (2) is used to fit the
torque angular dependence.

E(6, ) = K, sin®(0) + K4, sin*(0) + K, sin*(6)cos(4¢),
(1)

where K, is the uniaxial MAE constant, and K, , and Ky are
the fourth-order out-of-plane and in-plane MAE constants,?
respectively. The angular dependence of the torque is then
given by

T(6,¢) = K, sin(26) + 2[K, | + Ky cos(4¢p)]sin*(6)sin(26).
(2)

Microscopic values of the total and element specific an-
isotropy constants are shown in Table II, focusing on the
main contributions coming from the Mn top layer, W inter-
face layer, and W subinterface layer. The uniaxial constant
K, is dominated by contributions from the W layers at the
Mn/W interface and subinterface. For the out-of-plane con-
stant K, |, the role of W at the interface is almost negligible
but increases for the subinterface layer. The contribution to
the in-plane constant K, decreases when moving away from
the interface. As expected for our highly anisotropic layered
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TABLE II. The uniaxial K,, and fourth-order out-of-plane and
in-plane K4, , Ky-fourth-order MAE constants (meV/Mn atom) ob-
tained from Fig. 1 and Eq. (2) for the total MAE, and element
specific contributions for the Mn top layer, W interface layer
[W(D)], and W subinterface layer [W(I-1)].

Total Mn w({) W(-1)
K> 5.79 0.07 3.65 1.69
Ks, ~0.32 0.00 0.00 ~0.12
Ka ~0.06 0.00 ~0.05 0.01

structure, the uniaxial MAE substantially (by a factor of 20)
exceeds the fourth-order MAE terms.

The torque calculations yield the Mn-atom contribution to
the uniaxial MAE of K,=0.07 meV. It is by a factor of 2
smaller than the uniaxial MAE of 0.16 meV estimated from
the Bruno formula,”® MAE=~—£/4(M}—M3;), where we use
the value of the Mn-atom SOC constant £&=45 meV and the
anisotropy of M; of —0.014u; (see Table I). It has been
shown by van der Laan?* that the MAE expression in Ref. 23
is incomplete and neglects the spin-off-diagonal contribu-
tions to the MAE. Moreover, the Bruno formula treats the
SOC perturbatively and in the case of the 3d-5d bimetallic
systems with strong SOC represents very crude approxima-
tion only.

The large difference between Mn and W uniaxial MAE
contributions is not surprising and the ratio K»(W)/K,(Mn)
=52 at the interface directly corresponds to the ratio
(éw/ Evn)*=50 of the W and Mn atoms SOC constants. Away
from the interface, the W contribution to the uniaxial MAE
decreases along with the decreasing induced moment (see
Table I).

An important feature of the bimetallic Mn/W system is
that itinerant 54(W) magnetic moments M>? are induced by
the exchange field due to strongly localized 3d(Mn) mo-
ments M3? so that we can write?

M = XE TgsaM;, 3)

where the sum runs over 3d atoms, J, s, is the exchange
between the ith 3d(Mn) atom and the 5d(W) atom, and y is
the 5d-atom local-spin susceptibility. The uniaxial MAE [see
Eq. (1)] contribution from the 5d(W) atom, E/Sfl
=—k5*(M>%%)?, can be then written using Eq. (3) as

EY' == 16" 2 JsgosalhasaM M (4)
tj
where the renormalized anisotropy constant k;d is propor-
tional to &,.

Equation (4) shows, that the large uniaxial anisotropy in
various 3d-5d bimetallic systems, including the technologi-
cally important CoPt and FePt, originates from a combina-
tion of strong 5d SOC (k3%), strong exchange splitting in-
duced by the 3d magnetic element (J5,5,M>¢), and the
enhancement of the local-spin susceptibility y. All these cri-
teria are important in the quest for new highly anisotropic
bimetallic alloys and nanostructures.
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D. Density of states anisotropy

Our theoretical discussion of the ferromagnetic Mn/
W(001) model system from the perspective of the differential
TAMR effect follows the approach applied previously to
Co/Pt TAMR devices.”!'? The analysis is based on calculat-
ing DOS anisotropies in the ferromagnetic electrode with
respect to the orientation of the magnetic moment and as-
sumes proportionality between the DOS and the differential
tunneling conductance anisotropies. It is to mention that the
use of the DOS anisotropy in evaluating the differential
TAMR can serve only as a very crude approximation which
assumes that the product of tunneling matrix elements to the
DOS of nonmagnetic electrode stays constant.?

The band structures are obtained, as in the MAE calcula-
tions, within the local-spin-density approximation using the
relativistic version of the FP-LAPW method in which SOC is
included in a self-consistent second-variational procedure.
The magnetic force theorem is used to evaluate the DOS
anisotropies which result from SOC induced changes in the
band eigenvalues. In order to increase the accuracy in DOS
evaluation, the smooth Fourier interpolation scheme is used
together with the linear tetrahedron method.?’

The calculated DOS of the Mn/W(001) structure as a
function of energy measured from the Fermi level are shown
in Fig. 3(a) for the in-plane (x) and out-of-plane (z)
magnetization orientations. We find a complex structure of
the DOS near the Fermi energy with the main features
shifted by ~0.1 eV for two different magnetization
directions. = The  corresponding  DOS anisotropy
[DOS(M1Iz)-DOS(M1lx)/DOS(MIlx)] is shown in Fig. 3(b).
This DOS anisotropy, related to the differential conductance
anisotropy of a TAMR device, shows an oscillatory behavior
as a function of energy. The magnitude reaches ~100%
which is nearly an order of magnitude larger than in the
previously theoretically and experimentally studied TAMR
devices with the Co/Pt magnetic electrode.

E. Curie temperature and recording density

We conclude our theoretical discussion of the ferromag-
netic Mn/W(001) system with the strong uniaxial anisotropy
by estimating semiquantitatively the Curie temperature T,
and the magnetic recording density that can be achieved in
this model structure. Using the random-phase approximation
(RPA),?® the spin-wave energy and T, are given by*’

4
E(q) = ﬂz JOj[l - eXP(iqROj)] +A,
j#0

kT, = MN% E@) ©

Here, the q sum extends over the 2D-BZ, Ry, is the inter-
atomic distance, M is the magnetic moment per atom (in wp),
and A is the total uniaxial MAE per atom (with the shape
anisotropy included).

The exchange interactions in Eq. (5) are evaluated using
the approach of Ref. 25. The Mn-Mn exchange interactions
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FIG. 3. (Color online) (a) Total DOS for Mliz-axis and MIlx
axis. (b) The DOS anisotropy [DOS(M1z)-DOS(M Ilx)/DOS(M i x)]
as a function of energy measured form the Fermi level.

rapidly decay with increasing interatomic distance. Keeping
only the leading first-nearest-neighbor J,;=22.78 meV and
second-nearest-neighbor Jy,=—7.11 meV Mn-Mn exchange
interactions, expanding the exponents in Eq. (5) up to the ¢?
terms and taking into account uniaxial anisotropy constant
K>=5.79 meV/Mn atom (see Table II) plus the shape aniso-
tropy Egq=-0.12 meV/Mn atom, we obtain the Curie tem-
perature 7,.~655 K. The large uniaxial MAE contributes
significantly to this relatively high value of 7.

Finally, we estimate the magnetic recording density limit
which would correspond to the MAE of the considered Mn/
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W(001) system. We use the standard criterion
AN/kgT(room)=60 (Ref. 30) needed to ensure the thermal
stability of the information bit for 10 years. It yields N
~275 Mn atoms in the information bit with corresponding
areal density of ~22X 10' bit/in.%.

III. CONCLUSIONS

In this paper we have considered only the collinear mag-
netic structure of Mn/W(001). It is now established?!' that
due to the broken inversion symmetry at the surface, the
anisotropic Dzialoshinskii-Moria (DM) exchange interaction
can induce a noncollinear chiral magnetic ordering. The ex-
perimental evidence of these long-period chiral magnetic
structures with the period of ~40 interatomic distances has
recently been reported for the anti-FM Mn overlayer on the
W(110) surface.3? The DM-induced chiral structures can also
form at FM-ordered surfaces with the uniaxial MAE.? We
have omitted these effects in our model calculations. We em-
phasize that similarly strong anisotropy effects are expected
when considering Mn/W multilayers, instead of a single Mn
overlayer, which restore the inversion symmetry and there-
fore make the DM interaction ineffective.

To conclude, our first-principles calculations revealed un-
usually large uniaxial MAE and DOS anisotropies in the fer-
romagnetic Mn overlayer on W(001). This makes structures
based on Mn/W(001), as well as other bimetallic systems
with optimally balanced conditions to maximize moment on
the magnetic 3d atom, exchange coupling between the 3d
and 4(5)d elements, and magnetic susceptibility and spin-
orbit coupling of the 4(5)d metal, promising candidates for
both high-density magnetic recording and TAMR applica-
tions.
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