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It is shown in terms of a fully relativistic spin-polarized ab initio-type
approach that in Pt/Co/Pt trilayers two types of anisotropic magnetore-
sistance (AMR) have to be distinguished: an in-plane and an out-of-plane
AMR. The obtained results, namely the magnetic field dependence as well
as the thickness dependence of both AMR types are in very good
agreement with a very recent experimental study, in which the in-plane as
well as the out-of-plane AMR was reported for this system. The difference
between the two types of AMR is visualized in terms of layer-resolved
resistivities. In particular, it is confirmed that the anisotropic interface
magnetoresistance (AIMR) introduced in the recent publication mainly
originates in the vicinity of the Co/Pt interfaces.
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1. Introduction

Usually in magnetic multilayer systems when measuring the current in-plane (CIP)
anisotropic magnetoresistance (AMR) only the difference in resistivities is recorded
that corresponds to (in-plane) orientations of the magnetization being either parallel
or perpendicular to the current. Traditionally this difference is expressed as a ratio
with respect to one of the terms in the difference. For simple trilayer systems, in
which the center layer is a magnetic material, this AMR ratio tends to a constant,
namely to the ‘bulk’-like value of the spacer material, if the thickness of the spacer
grows. In [1] the magnetoresistance (MR) of Pt/Co/Pt films for Co layer thicknesses
(d) has been studied for 0.8 <d<50nm by sweeping the magnetic field in
longitudinal, transverse and polar directions and by rotating the samples in a
saturation field. Besides the ‘usual’ AMR, which amounted to about 1.5% at large
enough Co thicknesses, it was found that there exists yet another anisotropic MR
effect, namely when one of the orientations of the magnetization is kept in-plane and
the other is parallel to the surface normal (out-of-plane).

In order to describe on an ab initio level both types of MR the in-plane resistivity
in Pt/Co/Pt has to be evaluated with respect to different orientations of the magnetic
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field, which in turn implies that for such a description a relativistic spin-polarized
approach has to be applied.

2. Formal definitions

Suppose the magnetic field M(®, @) points along a general direction where © is the
angle between M(@, @) and the z-axis serving as the surface normal, and @ refers
to the angle between the in-plane y-axis and the projection of M(@, @) into the
xy-plane. In particular, for matters of convenience the following short hand notation
shall be used,

M. = M(0,0), M, = M(90,90), M, = M(90,0),

where M., M, and M. denote the special cases where the magnetic field points along
the x-, y-, or z-axis.
The in-plane current along the in-plane x-axis with respect to M(@, ®) is given by
[2-9]
Je(d: MO, @) = ) ol (d: M(©, D) E,
ij=l,n

~ E. Y ol (d;M(O, ®)) = E,0.(d: M(O, D)),

ij=ln

Q)

where the o7 (d; M(O, ®)) are the x-like layer-resolved elements of the corresponding
conductivity tensor [10,11], d is the thickness of the Co slab and E, is the electric
field. In order to facilitate a comparison with the experimental data in [1] it should be
noted that the orientation of M along the x, y, z axes corresponds to the longitudinal,
transverse, and polar geometry, respectively. Accordingly, the following differences
of in-plane currents

Ajx(d; M(O, @), M,) = j(d; M(O, D)) — j(d; M,), (2)

and difference resistivities [9]
Apxx(d; M(@> ¢)= M}) = pxx(d; M(@: ¢)) - p\\(da My)a (3)
Pxx(d; M) = o(d; M)_lo 4)

are evaluated.

3. Note on the temperature dependence of the resistivity

However, in order to compare the theoretical results (7= 0 K) with the experimental
data (room temperature) first a short note on the role of temperature on the
resistivity is needed. At finite temperatures and for a given magnetic field M the
resistivity R(d; M, T) can be assumed to be of the form [12]

R(d; M, T) = pe—p(d; T) + p(d; M, T) + pg(d; M, T), (5)
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where the electron—phonon contribution p,_,(d; T) clearly is independent of the
magnetic configuration, the magnetic resistivity p(d; M, T) could include additional
contributions arising from the presence of domain walls [13,14], and pg(d; M, T)
refers to effects of structural disorder (dislocations, imperfections, gradual structural
changes of the underlying parent lattice). Since this kind of contribution cannot be
accounted for in a microscopic theoretical description, it will be assumed to be
essentially independent of the magnetic configuration, i.e. pg(d;M, T)~ps(d; T).
Clearly, by calculating difference resistivities the p,_,(d; T) and pg(d; T) terms vanish,
thus

Ap(d: M,M', T) ~ AR(d: M, M/, T). (6)

Earlier theoretical studies of the temperature dependent magnetic resistivity of bulk-
like materials p(M, T) were based on Boltzmann transport theory by making use of
an s—d scattering model Hamiltonian (s—d interaction) [15-17], or, applied the two
current model of Fert [18-22]. In both cases experimental parameters were used in
order to determine p(M, 7).

In terms of ab initio-like descriptions there seems to be, up to now, only a single
study [12] of p(M, T), namely for bulk Fe and Co, in which use is made of the so-
called Disordered Local Moments (DLM) theory. In this theory, originally proposed
for finite temperature magnetic properties of bulk-like systems [23-26], and later on
for two-dimensional translational invariant systems [27], the ‘disorder’ of magnetic
moments caused by finite temperatures is taken care of by means of ensemble
averages over orientational configurations in terms of a generalized Coherent
Potential Approximation (CPA). For further details and explanations, see also [10].
These averages have to be performed for each given temperature, the results of which
then enter as inputs in the Kubo equation [12]. It should be noted that presently even
the generalized CPA is restricted to a perfect underlying lattice.

Although, in principle, treating finite temperature effects ab initio-like is possible,
it is obviously quite demanding even for a bulk system corresponding to a simple
lattice. However, since recent experimental results of a Pt/Co/Pt sandwich with a Co
thickness of 6 nm show only a slight temperature dependence of Ap(M, M’, T) in the
temperature range of 4.2 K < 7'<295 K [28], namely

A,O(M, M/a T) — Ap(Ma M/a TO)
Ap(M, M, Tp)

V(M,M), T,=4.2K,

< 10%,

a comparison between the experimental data in Ref. [1] and the theoretical results
seems to be justified.

4. Computational details

All (self-consistent) ab initio electronic structure calculations for Pt(111)/Co,/Pt(111),
n <90 ML being the fcc Co (111) thickness in monolayers (ML), were performed for a
uniform direction of the magnetization pointing along the surface normal in terms of
the spin-polarized (fully) relativistic screened Korringa—Kohn—Rostoker method [10].
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Figure 1. Pt(111)/Coy7/Pt(111). Angle dependence of the difference resistivities in
Equation (3).

The free energies were obtained (at zero temperature) in terms of the magnetic force
theorem [11]; the electronic transport properties were evaluated by means of the fully
relativistic Kubo—Greenwood [11] equation, by making use of complex Fermi energies
Er=Er+16 and subsequent numerical continuation to the real energy axis. In all
calculations a maximum angular quantum number of two [10], the density functional
parametrization of [29] and the atomic sphere approximation (ASA) were used.

Since per definition the current has to be independent of the choice of the
coordinate system, the difference e(d) = px.(d; M) — p,,(d; M,) ought to be zero for
all d and is therefore most suitable to check the numerical accuracy of the calculated
resistivities. It turned out that in the regime of 4 <d <20nm on average a maximal
numerical error of 0.03 u2cm has to be taken into account.

5. Results
5.1. Pt(111)]Co,,/Pt(111)
5.1.1. Angle dependent difference resistivities

Since in the experimental study detailed results are shown for a Co thickness of 6 nm,
for matters of comparison in Figure 1 for a Co thickness of 27 ML (~5.44nm) the
angle dependence of the difference resistivities Ap.(d; M(@,0),M,) and Ap,.(d,
M(90, @), M,) are displayed for @, @ [0, 180]. The theoretical curves confirm the
experimentally found functional dependence of the difference resistivities, namely the
cos® dependence with respect to the varied angles. Furthermore, the theoretical
values of Ap,(d; M:,M,) and Ap,.(d; M, M,) are in very good agreement with their
experimental complements: Experimentally, it is found that Ap,(d; M., M,) is about
0.19 u2cm, while in Figure 1 it is 0.3uQ2cm. The difference Ap,(d;M,,M,)
amounts in the experimental study to about 0.29 u2 cm, in the theoretical study to
0.41 pQ2 cm.
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Figure 2. Pt(111)/Coy7/Pt(111). Top: angle dependence of the out-of-plane and the in-plane
free energy, see Equation (7). The inset shows the angle dependence of the in-plane free energy
on apeV scale. Bottom: out-of-plane and in-plane difference resistivities, see Equation (3),
versus applied magnetic field.

5.1.2. Field dependence of the difference resistivities

As the experimental transport measurements were carried out in the presence of an
external field, in the upper half of Figure 2, the angle dependence of the free energy
AE(d;M(O, ), M(O', D),

AE(d; M(O, 9),M(O', ®')) = E(d; M(O, ®)) — E(d; M(O', D)), @)

is displayed for a Co thickness of 27 ML. It should be noted that in Equation (7)
AE(d; M(O, @), M(O', ¢")) is the free energy difference between an orientation of
the magnetization specified by ® and @ and one corresponding to @' and @'.
For example, AE(d; M(90, ®),M,) refers to in-plane changes of the free energy,
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Figure 3. Resistivities py.(d; M) (top), py.(d; M,) (middle) and p..(d; M.) together with fits
(full lines) to a single exponential, see text.

i.e. changes when the orientation of the magnetization rotates within the xy-plane;
AE(d;M(0,0),M,) reflects such changes in the yz-plane, i.e. refers to the angle
dependence of the out of plane free energy.

In layered systems such as Pt(111)/Co,/Pt(111) in-plane anisotropies are usually
by orders of magnitude smaller than out-of-plane anisotropies. In the present case it
turns out that they are of the order of peV, see the inset in Figure 2, which in turn
corresponds to an external field of a few tens of a mT. It should be noted that since
for Pt(111) the two-dimensional rotational symmetry is C3 the in-plane anisotropy
shows minima at @ =60, 120, 180. Depending on the type of system out-of-plane free
energies amount to about 0.1 to 0.2 meV per interface. The present out-of-plane free
energy of 0.114 meV per interface, see also Figures 2 and 5 (in Section 6), is slightly
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larger than the corresponding value of 0.091 meV for a free surface of a single Co
layer on top of Pt(111) [30].

Since AE(d; M(O, ), M(O’, ¢')) is proportional to the magnitude of the applied
external field, in the lower part of Figure 2 Ap,.(d; M(O, ®),M,) is displayed as an
implicit function of the corresponding AE(d; M(O, @), M(O', ?)). This part of
Figure 2 can now be directly compared with the actually measured values.

Experimentally it was found that on the scale of Teslas because of the tiny in-
plane anisotropy just mentioned for in-plane fields Ap,.(d; M(90, @), M,) virtually
shows no field dependence at all, i.e. at an external field of H~0, two values of
Px(d; M) exist, namely p,.(d; M) and py(d; M,). The external field necessary to
move in the experiment M, to M. is about 1.3 T (saturation field) [1], which has to be
compared with a corresponding theoretical value of about 1.5 T.

It is important to note that once the magnetization is oriented along z, there is no
further ferromagnetic state higher in energy that can be reached by increasing
the external field, i.e. Ap..(d; H) remains constant (indicated in Figure 2 by dashed
lines).

5.2. Thickness dependence of the difference resistivities

Before turning to the thickness dependence of the difference resistivities one has to
consider that in the experiment all oscillations of the resistivity with respect to the
thickness are ‘wiped out’ because of structural and thermal disorder. In order to
‘wipe out artificially’ these oscillations in the p,(d; M) with respect to d, in Figure 3
these functions are fitted in the interval 4 <d <20nm to single exponentials (full
line), the fitted functions being denoted in the following by pl(d; M).

XX

From Figure 4a one can see that the Apgfx(d; M,,M,),v = x,z, namely the
difference resistivities based on the fits mentioned above, apparently show the same
size as their experimental counterparts, Ap$P(d; M,, M,). It is quite assuring that in
the whole thickness range, even at a Co thickness of about 20 nm (about 100 ML of
Co), the Ap(d; M,, M,), v=x, z differ from their experimental counterparts by less

XX
than about 0.2 uQ cm while the curves Apfit(d; M., M,) and Ap$P(d; M-, M,) reveal
additionally a very similar dependence on thickness (dashed lines in Figure 4a).
Aol (d, M., M,), however, shows an exponential decay at large thicknesses in
contrast to Ap$P(d; My, M,) (solid lines in Figure 4a). The different asymptotic
behavior becomes more obvious when comparing respective functions d times
Ap.(d;M,, M,), see Figure 4b. It is instructive to consider the general functional

behavior in the case d, the Co thickness, is sufficiently large such that

a + kd : linear increase
dApyx(d; M,,M,) = { Ae* : exponential decay
b : constant

with A4, a, b and k being appropriate constants, and therefore

k : linear increase

li wl(d; M) — pay(d; M) = .
dggo(p”( ) = Pl })) { 0 : otherwise



2842 A. Kobs et al.

<
S~

0.05- -
0-00 T T T T T T T T T T T T T T T
102 4 6 8 10 12 14 16 18 20
9
8
———Theory, v=x
74 [----- Theory,v =z

6 —{— E xperiment,v = x
--O-- Experiment,yv =z

-_—~
Se

dap, (;M,M) (1 0'ueem?) ©
D

2 4 6 8 10 12 14 16 18 20
d (nm)

Figure 4. Apfit(d; M, M,),v = x, z, versus the thickness of the Co slab. Also displayed are the

corresponding experimental data.

which is the normal behavior expected for an isotropic bulk material. The different
asymptotic behavior of Apfit(d; M., M,) and Ap$P(d; M, M,) is a consequence of
the different sample quality. In the calculations a perfect crystal structure is assumed
which should merge into a zero resistivity in the limit of infinite Co thickness

XX

lim pfit(d; M,) =0
d—oo

at T=0K. Consequently, this implies that A,o_f;f;(d; M,,M,) is dropping towards
zero, which is the case as can be seen in Figure 4a. In the experiment, however, the
trend of ApSP(d; M, M,) for large d has to be interpreted in the framework of
defects in the measured films. Imperfections of the structure and thermal excitations
give the major contributions to the bulk AMR. This causes Ap$P(d; M,M,) to
merge to a constant value >0.

For instance, in the case of Co films it was shown [31] that an extrapolation of the
AMR ratio to very low temperatures (4.2K) depends very much on the sample

preparation. The apparently good agreement at lower thicknesses between theory
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Figure 5. Pt(111)/Co,7 /Pt(111). Layer-resolved difference resistivity Ap? (d; M, M.,).

and experiment is due to the fact that in the theory an interface contribution to the
AMR is found that was not resolved in the experiments which again might be a result
of the imperfections of the multilayers, like e.g. interdiffusion or intermixing.

6. Discussion

Most of the physical phenomena discussed above are caused by the Pt/Co interfaces.
In order to illustrate these interface effects in detail the o? (d; M) matrix, see
Equation (1), can be inverted,

Pl (d: M) = [o(d: M)]; )

and the following difference be formed
Apl(d; My, M,) = ol (d; ML,) — pl(ds M), ©)

where it should be recalled that i and j denote atomic layers and v = x, z. Note that of
course only the sum over all Ap? (d; M,,M,) has a well-defined physical meaning.
Clearly, by definition the current is a non-local quantity, however, when displaying
difference resistivities not only the contribution of the semi-infinite parts of the leads
essentially cancels out, but also the effect of orientation of the magnetization
becomes visible mostly in terms of the on-site elements. In using a three-dimensional
visualization by displaying Ap? (d; M,, M,) versus i and j one obtains a very detailed
view of the spacial origin of the two different kinds of difference resistivity,
Ap(d; M, M,) and Ap,(d;M.,M,). In Figures 5 and 6 the AP (d; M., M,) and
Ap’ (d; M., M,) are shown for 27 Co layers (d=5.44nm), in Figures 7 and 8 for 90
Co layers (d=19.03 nm). In all four figures the flat part (‘rim’) corresponds to Pt.
As one can see from Figures 5 and 6 in the case of 27 Co layers the Pt/Co interfaces
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Figure 8. Pt(111)/Cogq /Pt(111). Layer-resolved difference resistivity Ap? (d; M., M,).

case of the first Co layer (i=13, 1 <j <51 ): even the very last Co-like element, j =51,
yields a non-vanishing contribution to the total difference resistivity. Figures 5-8
re-enforce very strongly the fact that although the total system consisting of the Pt
leads and the Co film is macroscopic, the measured property is caused by a
nanostructured part of it.

7. Conclusion

So far, the experimental results of [1] concerning Apy.(d; M., M,) not only have been
confirmed, but also, despite the fact that rather small differences in resistivities had
to be described, a reasonably good agreement between experiment and theory was
found. Most importantly, as the lower part of Figure 2 exemplarily reveals, at each
given thickness d both Ap.(d; M(O, ), M,) exhibit a completely different response
with respect to the applied field. Clearly enough by dividing respective difference
resistivities by p.(d;M,) (or p..(d;M,, T)) one obtains two different kinds of
anisotropic magnetoresistance ratios, the novel fact that was claimed in [1].
In particular Figures 7 and 8 support this claim. The theoretical treatment, however,
predicts an interface contribution to Ap,.(d; My, M,), i.e. the conventional AMR,
which has not been detected experimentally so far. It should be noted that
all theoretical results are based on Density Functional Theory (DFT) and on
fully relativistic multiple scattering theory in terms of the screened Korringa—Kohn—
Rostoker method and a corresponding Kubo-Greenwood equation of electric
transport, i.e. are entirely ab initio-like. The only assumption besides the choice of a
particular parametrization of DFT concerns the underlying lattice, which refers to
that in the left and right semi-infinite system, namely that in fcc Pt(111). In principle,
even (layer-) relaxation effects can approximately be taken into account [32] if it
turns out that there is strong experimental evidence for such effects.
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