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FIG. 1. (Color online) The atomic structure of the 5-4 break-
junction. The z axis is the axis of the wire. The angle 6 denotes the
direction of the spin magnetic moments in the xz plane.

In this work, we present results of first-principles calcula-
tions of the electronic structure and conductance of Ni and
Co break-junctions, where electron transport occurs via tun-
neling. We find a strong dependence of the tunneling conduc-
tance on the magnetization orientation, signature of the
TAMR effect. We demonstrate the importance of resonant
states localized at the electrode tips near the break, referred
to as tip resonances, which are known to show up in atomi-
cally sharp transition metal tips.>> The energy and broaden-
ing of these states depend strongly on the magnetization ori-
entation due to the SOC. Our results at finite bias show
sensitivity of TAMR on a scale of a few millivolts, and the
angular dependence of TAMR bears a resemblance to the
experimental results of Bolotin et al.,’° indicating the origin
of the observed phenomenon. We infer that TAMR driven by
tip-resonant states is a general phenomenon typical for mag-
netic broken contacts and any other experimental geometry
where a magnetic tip is used to probe electron transport.

II. METHOD

First, we consider Ni break-junctions consisting of two
freestanding semi-infinite nanowire electrodes made of fer-
romagnetic fcc Ni which are separated by a vacuum region,
as shown in Fig. 1. The nanowires are built along the [001]
direction (z axis) by periodic repetition of a supercell made
up of two topologically different (001) planes, one consisting
of five atoms and the other of four atoms, which we desig-
nate as the 5-4 configuration. We use the lattice constant a
=3.52 A of bulk fcc Ni. The tip of each electrode has one
apex atom, and the separation between the two apex atoms is
equal to three atomic planes, or 5.28 A.23

Self-consistent density functional calculations of the spin-
dependent electronic structure of the Ni break-junctions are
performed using the real-space recursion method’* with a
tight-binding linear muffin-tin-orbital (TB-LMTO) basis®® in
the atomic sphere approximation.”® The local spin density
approximation is used for the exchange-correlation energy.
The SOC is included within a scalar relativistic approxima-
tion via perturbation for each atomic sphere. We assume that
all atomic spheres have the same spin orientation, and the
magnetization lies in the xz plane making an angle 6 with
respect to the z axis (Fig. 1). Therefore, the SOC term in the
Hamiltonian is

1
AL-S= 5)\[Lx(0'Z sin 0+ o, cos 6) + L,0,

+L_ (0. cos 0— o, sin 6)], (1)

where L and S are the orbital and spin momentum operators,
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respectively,
constant.

To calculate transport properties of this break-junction,
we appeal to the Landauer-Biittiker formalism of quantum
transport?’ where the electric current is given by

is the Pauli spin matrix, and A is the SOC

=4[ e - fE-pokE. Q)

—o0

Here, T(E) is the transmission probability for states with en-
ergy E, f(E) is the Fermi distribution function, and wu; (ug)
is the electrochemical potential of the left (right) electrode.”®
The transmission function is given by

T(E) =Tt (3] - 3)G(E)(Zg - SRHG(E)], 3)

where G(E) is the retarded Green’s function and 3; and 2
are the self-energies corresponding to the left and right elec-
trodes, respectively. In the absence of applied bias, tight-
binding techniques implemented within the TB-LMTO
method can be used to calculate T(E) directly from Eq. (3),%°
where the necessary real-space Hamiltonian blocks are taken
from the fully self-consistent calculation. In general though,
to evaluate the dependence on bias using Eq. (3), one needs
to go beyond the equilibrium picture implicit in the first-
principles calculations. To get a qualitative picture, however,
we will use a simplified description in the spirit of the
Bardeen approximation®® in the low bias regime. This ap-
proach will be justified by comparing it with the full calcu-
lation method, Eq. (3), in the absence of applied bias.

If the coupling through vacuum is weak, then each elec-
trode can be treated as an independent subsystem. Consider a
tight-binding layer within the vacuum region of empty
spheres in the plane z=0, and partition the left and right
electrodes in Eq. (3) to include the metal electrodes and a
portion of the vacuum up to that layer. If the layer lies in the
vacuum at a sufficient distance from both metal surfaces, the
self-energies X, and X, entering Eq. (3) can be treated as
small. Retaining only terms of the order of 3 in Eq. (3), we
can replace the Green’s function G(E) of the coupled system
evaluated at the layer by the Green’s function of the un-
coupled vacuum region G(E). Within the same approxima-
tion, we can write the expression for the tunneling density of
states (DOS) operator in the vacuum induced by the left and
right electrodes, p; and pg, respectively, as follows:

27TipL,R(E) = GO(E)(EL,R - EZ,R)GO(E)- 4)
This allows us to rewrite Eq. (3) as
T(E) = 4w Ti Gy (E)p,(E)Gy (E)pr(E)],  (5)

where the trace is taken over all the orbital and spin indices
over sites lying within the vacuum tight-binding layer. The
transmission has been previously derived directly from the
Bardeen approximation using the embedding Green’s func-
tion approach.?!

If only one orbital state dominates the conductance, which
is typical for a not too thin vacuum barrier,’? the expression
for the transmission can be simplified further. Neglecting
nondiagonal components of the DOS operator and the
Green’s function,?® we find
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T(E) = 4 ¢*(E) pL(E)pk(E) + pL(E)pR(E)],  (6)

where pj] (E) is the tunneling DOS for spin projection o
along the magnetization axis, and ¢(E) is the diagonal com-
ponent of G{,I(E) which has the meaning of an effective bar-
rier potential seen by tunneling electrons. Equation (6) is
reminiscent of the approximation used to derive Julliere’s
formula;** however, there is an important difference: Eq. (6)
expresses the transmission in terms of the tunneling DOS in
the barrier, while Julliere’s formula is expressed in terms of
the DOS of the electrodes.

In our case, the break-junction is symmetric and the tun-
neling DOS induced by the left and right electrodes are
p‘Z(E):%p"(E—eV) and pg(E)zép"(E), where V is an ap-
plied bias voltage and p?(E) is the tunneling DOS induced
by the rwo electrodes at zero bias. p?(E) can be taken directly
from one calculation of the fully coupled Green’s function
G(E) in the absence of applied bias.

Application of this simplified approach is justified by cal-
culating T(E) using both Egs. (3) and (6) in the absence of
applied bias for energies near the Fermi level. Using an en-
ergy independent effective barrier height ¢p=~4 eV, chosen
by comparing the results, the calculations reveal excellent
agreement between the two approaches for all orientations of
the magnetization in the energy range considered [see Figs.
2(a), 2(d), and 2(g)].*> Furthermore, for applied bias on the
order of a few tens of millivolts, we can neglect the variation
of ¢ with V, and therefore, Eq. (6) should provide a compel-
ling qualitative picture of tunneling for the low bias regime.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the transmission function calculated in
the absence of SOC within +30 meV of the Fermi energy
(Ep). Comparing Fig. 2(a) to the band structure of the Ni
electrode shown in Fig. 2(b), we see that at E, the features
of the tunneling transmission are dominated by states on the
apex atoms originating from a minority-spin d band [marked
A in Fig. 2(b)]. This is evident from the distinctive drop at
the bottom of the band in the local DOS at the apex atom
[Fig. 2(c)] and in the transmission function [Fig. 2(a)]. Be-
low the band minimum at —20 meV, there appear two nar-
row peaks in the transmission due to tip-resonant states [Fig.
2(a)].3° These resonant states are seen in Fig. 2(c) and arise
because the lower coordination of the apex atom reduces the
effective on-site energy so that the level lies below the con-
tinuum of band A.3” These tip-resonant states have minority
d,> character, similar to the states of band A. The weak inter-
action through vacuum splits these states into a bonding-
antibonding pair.’® Another tip-resonant state at 12.8 meV
[Figs. 2(a) and 2(c)] is double degenerate and is composed of
the d,, and d,, orbitals. One more tip-resonant state barely
visible in Fig. 2(a) at 23 meV is localized on the four atoms
in the first subapex atomic layer [the dashed line in Fig.
2(c)].

Inclusion of SOC makes the nature of each tip-resonant
state strongly dependent on the magnetization angle 6. The
most important effect for the TAMR is the broadening of the
d. tip-resonant state [the bottommost resonance in Figs.
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FIG. 2. (Color online) The transmission function, band structure
of the electrodes, and the local DOS on the 5-4 electrode tips [(a)—
(c)] without SOC and with SOC for [(d)—(f)] 6=0° and [(g)-(i)]
0=90°. In (b), the solid curves are minority-spin bands, and the
dashed curves are majority-spin bands. In (a), (d), and (g), the solid
curves are calculated using Eq. (6) and the dashed curves are cal-
culated using Eq. (3). In (c), (f), and (i), the solid curves are the
minority DOS on the apex atom and the dashed curves are the
minority DOS on the first subapex atomic layer.

2(d), 2(f), 2(g), and 2(i)]. The broadening of this state is
smaller for #=0° because the SOC in Eq. (1) only mixes
minority d,2 states with majority d states and not with other
minority d states.®> However, when 6§=90°, the SOC mixes
the minority d states with minority d,, states resulting in
significant broadening. In addition, the minority d band that
has a maximum just below E [marked B in Figs. 2(b), 2(e),
and 2(h)] at the Brillouin zone edge has significant d,, char-
acter and the tip resonance can hybridize with this band,
provided this band overlaps with the resonance level. Since
the top of this band also varies with 6, only a certain range of
6 will meet this condition, leading to the transition from the
sharp double-peak feature of Figs. 2(d) and 2(f) to the broad
resonance in Figs. 2(g) and 2(i).

Another effect of the SOC on the transmission function is
the splitting of the d,., d, doublet [the peak at 12.8 meV in
Figs. 2(a) and 2(c)] into two singlets. The splitting is largely
determined by the %)\LZO'Z cos 6 term in Eq. (1), making the
splitting much stronger for #=0° than for #=90°. For 6
=0°, the lower state of the split doublet is seen in Figs. 2(d)
and 2(f) as a sharp peak at —6 meV. The upper state lies
outside of the energy range plotted. For §=90°, the splitting
is much weaker and occurs due to the coupling of the doublet
states via other states (e.g., the bulk band A), producing two
peaks at 11.8 and 17.4 meV, as seen in Figs. 2(g) and 2(i).
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FIG. 3. (Color online) Variations of differential conductance
G(V)=dl/dV at 4.2 K for the 5-4 break-junction. (a) G versus 6 for
different bias voltages. (b) Dependence of G on bias for different 6.
(c) Deviation of G from G,,, the conductance averaged over 6, as a
function of V and 6.

One more feature induced by the SOC is the Fano-shaped
resonance” seen in Fig. 2(d) at around 15 meV for 6=0°. It
mirrors a related feature that appears in the local DOS on the
apex atom [Fig. 2(f)]. This resonance is due to the localized
state that originates on the first subapex layer of atoms. In
the absence of SOC, this state, appearing at 23 meV in Fig.
2(c), is not coupled to band A and does not appear in the
DOS on the apex atom. However, when SOC is included, the
state becomes coupled to band A and, by propagating
through the band to the apex atom, acquires the Fano shape.
For 6=90°, the Fano resonance, appearing at 14 meV in Fig.
2(i), becomes less pronounced due to a weaker coupling be-
tween the resonant and continuum states.

The effect of bias is demonstrated in Fig. 3. Here, we plot
the differential conductance G(V)=dI/dV and its angular de-
pendence. The current /(V) is calculated using Egs. (2) and
(6), assuming the Fermi distribution function at a tempera-
ture of 4.2 K. As is evident from Fig. 3(a), the angular de-
pendence of the conductance reflecting TAMR is very differ-
ent from the cos(26) dependence typical for bulk AMR. The
magnitude of TAMR is relatively large, e.g., it reaches 200%
for V=11.8 mV. The conductance variation is quite sensitive
to the applied bias, owing to the sensitivity of p?(E) to 6 due
to resonant states. Figure 3(b) shows the bias dependence for
a few values of 6. The central peak in Fig. 3(b) is due to the
d > tip resonance state which broadens with increasing angle
from 0° to 90°. The Fano resonance can be seen between 14
and 16 mV for #=0°. Although finite temperature and bias
smear out the sharp resonant features seen in Figs. 2(d) and
2(g), the angular dependence of the conductance is largely
controlled by the tip-resonant states. Figure 3(c) shows the
deviation of G(V) from the value G,,(V), the average over 6
for applied bias V. Clearly, the deviation is strongly depen-
dent on the bias voltage, and the central light-dark pattern is
due to the variation of the d, tip-resonant state with 6.

Figure 3(c) bears a resemblance to the plot of Fig. 4(d) of
Bolotin et al.?’ Bolotin et al. attributed the variations ob-
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FIG. 4. (Color online) Differential conductance G(V)=dI/dV at
4.2 K for the 13-12 break-junction (see inset) for three different
magnetization orientations.

served in their experiments to conductance fluctuations due
to quantum interference effects based on a model proposed
by Adam et al.?' This model was, however, developed for
diffusive metallic samples and the application of this model
to tunneling conduction across broken contacts is not clearly
justified. The results presented here, however, indicate that
the effect observed by Bolotin ef al. may instead arise due to
tip-resonant states, which are distinct from the quantum in-
terference phenomena described by Adam et al.

We also performed calculations for a Ni break-junction in
a wire with larger radius. In this case, the two topologically
different fcc (001) planes used to construct the electrodes
consisted of 13 atoms in one plane and 12 atoms in the next,
designated the 13-12 configuration. The pyramidal-apex tip
structure and the separation of the two apex atoms were the
same as in the 5-4 structure (see the inset of Fig. 4).

The bias dependent transport properties of the 13-12 junc-
tion are computed in the same way as the case of the narrow-
wire break-junction. Transmission calculations for this struc-
ture using Egs. (3) and (6) in the absence of applied bias
reveal that an energy independent effective barrier height ¢
~4.7 eV produces excellent agreement between the two
schemes for energies within +50 meV of the Fermi level,
indicating that Eq. (6) should again provide a reasonable
qualitative picture of tunneling for biases below 50 mV.

The differential conductance G(V) for the 13-12 break-
junction is plotted in Fig. 4 for three orientations of the mag-
netization. The large peak at 35 mV for §=0° derives from a
resonant state, with minority d character, localized on the
pyramidal-tip structure. The peak at 30 mV for 6=45° can
also be attributed to this resonance, only shifted and broad-
ened due to SOC.

The peak at 17 mV for 6=90° is also due to tip related
electronic states with minority d character. This peak is re-
lated to the less pronounced and very broad variations in bias
for the #=0° and 45° orientations seen in the 5-20 mV
range. While these features cannot be regarded as “resonant,”
they do arise from the inhomogeneous DOS on the tip and
clearly lead to a nontrivial bias dependence of the TAMR
effect.

We also examined a Co break-junction with the 5-4 struc-
ture, as in Fig. 1. Several tip-resonant states are present,
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however, at different energies than those for the Ni 5-4 junc-
tion. In particular, a minority d2 tip resonance lies at
~100 meV above the Fermi energy and exhibits similar
variation with 6 as the one shown in Fig. 2. We therefore
expect that tip-resonant states will be present in Co break-
junctions and lead to similar bias dependent features of
TAMR.

IV. CONCLUSIONS

In conclusion, based on first-principles calculations of the
electronic structure and conductance of Ni and Co break-
junctions, we have demonstrated that TAMR driven by tip-
resonant states is a general phenomenon intrinsic to magnetic
broken contacts. The energy and broadening of these states
are strongly affected by the magnetization orientation, caus-
ing TAMR to be sensitive to bias voltage on a scale of a few
millivolts. This explains the experimental results by Bolotin
et al.’® on TAMR in atomic-scale magnetic break-junctions.

We would like to emphasize the fact that the predicted
phenomenon may occur in any geometry where a sharp

PHYSICAL REVIEW B 76, 144430 (2007)

magnetic tip is used to probe electron transport. In particular,
the effect may be studied using a spin-polarized
scanning-tunneling*! setup where, contrary to the usual con-
vention, a magnetic tip is used to scan a nonmagnetic sur-
face. In this case, any observed TAMR effect would arise
solely from the variation in the electronic structure of the tip,
and tip-resonant features may be observed in the bias depen-
dence. Tip resonances related to transition metal d states
have already been observed in non-spin-polarized scanning-
tunneling spectra using W tips.>> We hope, therefore, that
this work will stimulate further experimental studies of
TAMR in magnetic tip geometries.
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