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Oscillatory behavior of tunnel magnetoresistance in a magnetic tunnel junction with
varying magnetic layer thickness
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We theoretically study the dependence of the tunnel magnetoresistance (TMR) of an MgO-based magnetic
tunnel junction (MTJ) on the thickness of the ferromagnetic (FM) layers. Our results show that the TMR ratio
oscillates with the thickness of the FM layers. The amplitude of these oscillations is much greater than the one
expected to occur in giant magnetoresistance devices. This is explained by the presence of the tunnel barrier,
which reduces the number of propagating states, thus, limiting the effect of destructive interference and by the
special nature of the �1 band in Fe. Calculations taking interfacial roughness in the MTJ into account show
that the oscillations are robust against disorder. They are expected to affect the TMR ratio of experimental MTJ
where one of the ferromagnetic electrodes has a thickness less than the diffusion length. We speculate that small
variations in the FM electrode thickness could be related to the observed, but so far unexplained, oscillations of
TMR with MgO thickness.
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I. INTRODUCTION

Since the first predictions1,2 and experimental confirma-
tions3,4 of the high tunnel magnetoresistance (TMR) ratio
in Fe/MgO/Fe(001), a great deal of effort has been put
into optimizing the fabrication of magnetic tunnel junctions
(MTJs). The highest experimental TMR ratios now approach
the ideal theoretical values.5 The conventional MTJ consists
of a ferromagnet (FM)/MgO/FM trilayer grown in the (001)
direction on top of an inert substrate (usually MgO or GaAs).
The FM layers are made of Fe, FeCo or, in the most efficient
junctions, FeCoB. The top FM layer has a finite thickness
usually in the range of 3–10 nm and is covered by a capping
layer of Ru or Ta (see Fig. 1). The thickness of the top FM layer,
thus, is smaller than the typical diffusion length in metals, and
quantization effects are expected to influence the transport of
electrons. The aim of this paper is to investigate the dependence
of the TMR on the thickness of this FM layer for thick
layers (up to 10 nm). Already, previous investigations6,7 have
examined the behavior of TMR for subnanometer thicknesses
of crystalline Fe electrodes.

It is known that, in the case of metallic multilayers
(e.g., Co/Cu, Fe/Cr,...), the giant magnetoresistance (GMR)
is expected to depend on the thickness of the FM layer and the
nonmagnetic (NM) spacer.8 This is explained by a quantization
effect within the finite metallic layers. The period of the
oscillations is related to the perpendicular Fermi wave vector
of the electron.8 Additionally, the amplitude of the oscillations
decreases as the layer thickness increases. In Ref. 8, it was
shown that there were two contributions to the oscillations:
one from the Fermi surface extrema and one from the cutoff,
which occurs at the edge of the Fermi surface of the lead. In
the present context, it will be shown that only the former
is relevant. This Fermi surface extrema oscillation can be
explained simply within the stationary phase approximation.8

We consider a metallic trilayer grown in the z direction, and
we define k‖ (k⊥) as the wave vector parallel (perpendicular)
to the interfaces. For an electron state of parallel wave vector

k‖ in the middle layer of finite thickness N , the oscillatory part
of the conductance has the form

G(k‖) = Re[A(k‖)e−2ik⊥(k‖)N ] + higher harmonics, (1)

where k⊥(k‖) is the perpendicular Fermi wave vector given
by the band structure of the spacer. If k(0)

‖ is a stationary
point of the Fermi surface (i.e., a point where ∇k‖k⊥ = 0),
in an appropriate choice of coordinates kx and ky, k⊥ can be
approximated by

k⊥(k‖) = k
(0)
⊥ + H/2(k‖ − k(0)

‖ )2 + · · · , (2)

where H = ∂2k⊥
∂k2

x
|k‖=k(0)

‖
= ∂2k⊥

∂k2
y
|k‖=k(0)

‖
.

The total conductance is obtained by integrating over all
electron states in the two-dimensional Brillouin zone (BZ).
For large N , the oscillatory part of the total conductance, thus,
can be approximated by

Gtot ≈ Re

[
A0

∫
BZ

e−2i(k(0)
⊥ +1/2Hk2

‖)Ndk‖

]
, (3)

where A0 = A(k(0)
‖ ), which, after integration gives

Gtot ≈ πA0

HN
cos(2k

(0)
⊥ N ). (4)

Thus, in a finite metallic layer, the conductance oscillates with
a period π/k

(0)
⊥ , where k

(0)
⊥ is the perpendicular Fermi wave

vector at a stationary point of the Fermi surface. The amplitude
of this oscillation decreases as the inverse of the layer
thickness. This can be understood by a simple interference
argument. The k‖ states close to the stationary point oscillate
with a period close to the stationary period. Therefore, for a
thin layer, all these oscillations interfere constructively, and
the resulting total conductance oscillates with the stationary
period. However, the periods of k‖ states close to the stationary
point are not exactly the stationary period. As a consequence,
over a large thickness of material, the interferences become
more and more destructive, and the amplitude of the resulting
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FIG. 1. (Color online) Geometry of an MTJ with a capping layer.

total oscillation decays. These results hold both for conducting
channels in a finite nonmagnetic metallic layer and for
conducting spin channels in a finite magnetic layer. Therefore,
in an FM/NM/FM trilayer, the conductance oscillates with the
thickness of the NM and the FM layer.

These oscillations are difficult to observe because current-
perpendicular-to-plane-GMR experiments are performed on
small pillars with highly imperfect interfaces. This problem
does not arise in tunneling junctions. Also, the observation of
oscillations is made difficult because of the decay of amplitude
given by Eq. (4). This problem can be minimized by two
different mechanisms. First, it is possible to reduce the effect of
destructive interference by reducing the number of conducting
channels. This can be achieved by including a tunnel barrier
in the system, which forces electrons to travel in the direction
perpendicular to the layer (�̄ point). The second possibility
is to consider a material where H , the curvature of the Fermi
surface at k(0)

⊥ , is zero or close to zero, i.e., a material where the
Fermi surface is flat around the stationary point. In that case,
all the interfering channels oscillate with the same period, and
therefore, no destructive interference occurs. Indeed, when
H = 0, the integral (3) gives

Gtot ≈ πA0 cos(2k
(0)
⊥ N ). (5)

These two conditions are met in an Fe/MgO/Fe junction.
The MgO layer restricts the conducting channels to a small
region near �̄ and to bands with a �1 symmetry.2 The Fermi
surface of this Fe �1 band is flat around the �̄ point in the
(001) direction (see Fig. 2). As a result, the conductance

is expected to oscillate with a constant amplitude as the
Fe layer thickness increases. For this reason, the thickness
of the FM layers is expected to affect the TMR ratio of a
Fe/MgO/Fe MTJ in a much stronger way than it affects the
GMR of metallic multilayers. Quantization effects should be
observable in experimental MTJ where the thickness of the top
FM electrodes is typically of the order of 10 nm (≈70 atomic
planes).

II. METHOD

To confirm this idea for realistic systems, we performed
a calculation of the TMR of an Fe/MgO/Fe junction covered
by a nonmagnetic capping layer (see Fig. 1). The electronic
structure of the system is described in a multiorbital tight-
binding model, which has been used successfully in many
calculations of TMR.1 The tight-binding parameters for Fe
and MgO are taken from Ref. 9. Since the nonmagnetic
capping layer can vary from experiment to experiment, we
have decided to describe it by a paramagnetic Fe electrode. Our
choice of capping layer does not affect the qualitative outcome
of our results. Once the tight-binding parameters for every
atomic plane of the junction are known, it is straightforward to
determine the conductance from the Kubo-Landauer formula.1

The calculation is performed for a junction with parallel (P)
and antiparallel (AP) magnetization of the FM electrodes. The
optimistic TMR ratio is defined by TMR = (GP − GAP)/GAP,
where GP (GAP) is the total conductance of the junction in the
P (AP) configuration.

III. MTJ WITH VARYING FM LAYER THICKNESS

In Fig. 3, we show the TMR ratio of a perfectly epitaxial
junction as a function of the top Fe layer thickness for different
MgO layer thicknesses. First, it can be seen that the TMR
ratio increases with the thickness of the MgO layer. This
behavior is expected for an epitaxial MTJ and was discussed in
detail in a previous paper.10 Second, by performing a discrete
Fourier transform on the data, it can be shown that the TMR
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FIG. 2. (Color online) Projection of the Fermi surface of Fe majority bands in the ky = 0 plane (left) and the ky = kx plane (right). Note
that the calculation was performed for bcc Fe represented in a cubic lattice with two atoms per cell.
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FIG. 3. (Color online) TMR ratio of an epitaxial junction as a
function of Fe thickness for different MgO barrier thicknesses.

oscillates with a period of 2.2 atomic planes (≈0.32 nm) as
a function of the top Fe layer thickness. Similar oscillations
were noticed in the case of spin torque.11 The amplitude of
this oscillation remains large as the thickness of the Fe layer
increases up to 40 atomic planes (≈6 nm). This result contrasts
with the case of GMR junctions for which the amplitude of
the oscillation decays as in Eq. (4). This is due to the presence
of the MgO layer, which restricts the current to channels in
the majority spin �1 band. These channels oscillate with the
same period, since the majority spin �1 band is flat around �̄

(see Fig. 2) and no destructive interference occurs. Finally, as
the MgO layer grows, the phase and period of the oscillation
remains the same, but its amplitude increases. By reducing the
number of interfering channels, a thick MgO layer amplifies
the oscillatory behavior.

The previous results hold for a perfectly epitaxial junction.
Experimental tunneling junctions are not perfect and usually
exhibit interfacial disorder. It is known that this interfacial dis-
order at the MgO/Fe interface causes the TMR to saturate as a
function of MgO thickness and is responsible for the relatively
low value of TMR obtained in most experiments.12 Thus, it is
important to verify whether the TMR oscillations persist in the
presence of disorder. Therefore, we have investigated the effect
of interfacial roughness using the lateral supercell method,
averaged over configurations, as described in Ref. 12. We have
determined the effect of 10% intermixing at the first Fe/MgO
interface. The results are shown in Fig. 4 as a function of Fe
thickness for different MgO layer thicknesses. As expected, the
TMR ratio saturates as the MgO layer thickness increases. As a
function of Fe thickness, the 2.2 monolayer period oscillation
of TMR is still present but with a smaller amplitude than in
the epitaxial case. Additionally, a second oscillation appears
with a longer period (≈20 atomic planes). These results
show that the oscillations are not destroyed by interfacial
disorder. This is a good indication that they should be
observable.

To explain the origin of the short and long period os-
cillations, we examine the band structure of bcc Fe in the
direction of the propagation of the electrons (see Fig. 5).
In the epitaxial junction case, only electrons in the �1 state
contribute to the tunnel current. The other propagating states
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FIG. 4. (Color online) TMR ratio of a junction with a rough
interface as a function of Fe thickness for different MgO barrier
thicknesses.

(�2, �2′ , and �5) have a much lower probability of tunneling
through the MgO barrier.1,2 The period of oscillation for the �1

propagating states is related to the perpendicular Fermi wave
vector k1 defined in Fig. 4. The band structure calculation gives
k1 = 0.455π/a (where a is the interplanar distance), which
leads to a period π/k1 = 2.2 atomic planes, in agreement with
the short period found for the TMR in Figs. 3 and 4. In the
case of the disordered junction, the interfacial roughness at
the interface opens new channels of conduction, which are
responsible for the long period observed in Fig. 4.

These numerical results prove that, even for relatively thick
FM electrodes, quantization effects in the top FM layer have a
strong influence on the conductance of a MTJ. This contrasts
with GMR devices where quantum oscillations decrease
and where quantization effects are destroyed by interference
when the layer thickness exceeds a few nanometers. In an
Fe/MgO/Fe-based MTJ, the barrier restricts the number of
propagating states to the flat point of the �1 band in Fe and,
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FIG. 5. (Color online) Band structure of Fe for (a) majority spin
electrons and (b) minority spin electrons. k1, k2′ , and k5 are the points
at which the �1, �2′ , and �5 bands cross the Fermi level EF .
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thus, limits the destructive interferences. As a consequence,
an MTJ is more sensitive to the thickness of the FM layer than
a GMR device. It follows that this thickness could be used
to optimize the TMR of experimental junctions. For example,
in the typical case of a rough MTJ junction with a tunnel
barrier of ten MgO atomic planes, a good choice of the FM
layer thickness could lead to a 300% increase in the TMR (see
Fig. 4).

The case discussed here contrasts with the oscillation of
TMR found in Co/Cu/Al2O3/NiFe in Ref. 13. In that case,
the oscillations were found to decay with Cu thickness, which
is due to the fact that the Fermi surface of Cu is not flat
at the � point and that the amorphous Al2O3 barrier is
not as effective in restricting the transport electron to the
perpendicular incidence.

IV. MTJ WITH AN Fe/MgO WEDGE

Recently, it was reported that the TMR ratio of MgO-based
junctions can oscillate as the thickness of the MgO barrier
increases.3,14–16 These experiments used different materials
for the FM electrodes (Fe, CoFe, and CCFA, respectively).
The periods measured were 0.32 nm for the Fe and CoFe
electrodes and 0.30 nm for the CCFA electrodes. Two of
these experiments also reported the presence of long period
oscillations (0.99 nm for the Fe case and 0.63 nm for the
CoFe case). The origin of these oscillations is still under
debate. As the observed periods differ from the interlayer
distance in MgO, a simple growth effect has to be ruled
out. It was proposed3 that they could be related to quantum
oscillations inside the MgO barrier. Two facts seem to
contradict this idea. First, the complex Fermi surface of MgO
for electron states close to �̄ has no real part. This implies that
the tunneling states are purely decaying states. Their wave
functions have no oscillatory component, which could lead to
quantum oscillations. Therefore, no oscillations of the TMR
as a function of the MgO thickness are expected. This is
confirmed by independent theoretical approaches: empirical
tight binding,1 density functional theory,2,17 and extended
Hückel theory.18 Second, the period seems to depend on the
choice of the FM material. This refutes the idea of an origin
intrinsic to the MgO. On the contrary, it seems to indicate that
the oscillations are linked to the FM electrodes.

In the experiments, which observe oscillations, the MTJ
with varying MgO thicknesses are built as follows: a wedge-
shaped layer of MgO is grown on top of an FM electrode.
A layer of 10 nm of Fe,14 5 nm of CoFe,15 or 10 nm of
CCFA (Ref. 16) is deposited on top of the MgO wedge. The
junction is then covered with a capping layer (Ru or IrMn).
If we speculate that this growth process results in a top FM
electrode with varying thicknesses, the TMR oscillation could
be explained by quantum oscillations from within the FM
material. This explanation is supported by the 0.32-nm period
observed in the MTJ with Fe electrodes,14 which is exactly
the period expected theoretically for quantum oscillations in
Fe. Such a period would arise if the Fe/capping layer interface
were near atomically flat (see Fig. 6). Moreover, the long
period oscillations seen in experiments are also obtained in
our model for an Fe layer with a rough interface (see Fig. 4).
CoFe also exhibits a flat �1 band around �̄. The oscillations

FIG. 6. (Color online) Geometry of an MTJ with an MgO wedge
and a flat Fe/capping layer interface.

observed in Ref. 15 could then be explained by the same
process.

To confirm this idea, we perform a TMR calculation for an
MTJ with an MgO wedge and a flat Fe/capping layer interface,
as shown in Fig. 6. We assumed that the total thickness
of the Fe/MgO bilayer (L) remains constant in atomic
planes. It should be noted that the actual thickness of an Fe
monolayer (1.43 Å) does not match the thickness of an MgO
monolayer (2.02 Å). Thus, to obtain an Fe/MgO bilayer with
constant thickness in angströms, a more complicated interface
geometry, including reconstruction, should be considered.
Such complications are ignored in our model, and a constant
thickness in the number of atomic planes is assumed. The
results are shown in Fig. 7 for an epitaxial junction and for
more realistic junctions including atomic roughness at the
Fe/MgO interface. This roughness is obtained in a supercell
by intermixing atoms at the interface as described earlier.

For an epitaxial junction, the TMR increases with MgO
thickness while oscillating with a 2.2 atomic layer period.
When roughness is taken into account, the TMR saturates
to lower values. The TMR still oscillates with a 2.2 atomic
plane period, and a longer period oscillation appears. These
features are in good qualitative agreement with experimental
data. They can be explained by the simple phenomenological
model presented in the Appendix.

Nevertheless, the amplitude of the oscillations we obtain
is much stronger than the one observed in the experiments.
Moreover, the measured experimental curves are continuous
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FIG. 7. (Color online) TMR as a function of the MgO layer
thickness for the MTJ shown in Fig. 6. The results are shown for
an epitaxial junction and for junctions with different intermixing
roughnesses at the Fe/MgO interface.
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FIG. 8. (Color online) TMR as a function of the MgO layer
thickness for the MTJ shown in Fig. 6 with 10% intermixing atomic
roughness at the Fe/MgO interface and long scale roughness defined
by different α parameters (see text).

in MgO thickness and do not show any discrete step that should
be seen if only integer numbers of layers were allowed. This is
because the lateral length of the experimental devices is much
longer than the interatomic distance. Thus, a device cut at a
given lateral position in the wedge may be assumed to contain
a distribution of integer MgO/Fe thicknesses.19 We assume
that this distribution is Gaussian,

PM (x) = A exp[−α(x − M − 0.5)2], (6)

where PM (x) is the probability of having an MgO layer
thickness M at the lateral position x and α is a parameter
controlling the width of the distribution.

If we apply this simple model to our integer thickness
results, we obtain, after averaging, the curves shown in Fig. 8.
From these results, it can be seen that including these layer
thickness fluctuations into our model strongly reduces the
amplitude of the short period oscillations. This long scale
roughness has a different effect than the atomic roughness
discussed in Fig. 4. The main effect of the interface atomic
roughness is to lead to a saturation of the TMR by opening a
conduction channel at �̄ while the thickness fluctuation leads
to an averaging of the thickness dependence curve and, thus, a
reduction of the oscillation amplitude. It should be noted that,
as the thickness distribution becomes wider (α decreases),
the short-range oscillation disappears. A similar behavior was
predicted for spin torque11 in Fe/MgO/Fe in the presence of
roughness. The amplitudes obtained for α = 1 are similar to
the TMR oscillations observed in Ref. 14.

Nevertheless, our results are not sufficient to conclude that
this is the origin of the observed oscillations. Better knowledge
of the actual shape and thickness of the top FM electrode would
be required to accept or to reject this explanation. Experiments

on MTJ with a constant MgO layer and a wedge-shaped FM
electrode would bring insight to the mechanism responsible.
From our results, it is clear that small variations in the FM
layer on top of the wedge would lead to oscillations of the
TMR.

V. CONCLUSION

We have shown that the thickness of the FM layers in
an MgO-based MTJ junction strongly affects the TMR ratio.
This is important since experimental MTJs contain a top FM
layer thinner than the diffusion length where quantization
effects can appear. Our results show that the TMR is expected
to oscillate with the FM thickness and that the amplitude
of these oscillations increases with the thickness of the
MgO barrier. Therefore, they should be observable even for
relatively thick FM layers, and small variations in the FM layer
thickness should affect the TMR ratio. The period predicted
(0.32 nm) indicates that this oscillation could be related to the
TMR oscillation observed experimentally in Fe/MgO/Fe MTJ
containing an MgO wedge.

We are grateful to the UK Engineering and Physical
Sciences Research Council for financial support.

APPENDIX

Many of the qualitative features of the results we have
presented in this paper can be derived using a simple
phenomenological model. The model is an extension of the
one used in Ref. 10 to successfully predict the asymptotic
form of the TMR for an Fe/MgO/Fe trilayer as a function of
MgO thickness.

Consider a multilayer sandwich Cap/Fe↑(N )/MgO(M)/Fe,
where the Fe↑ majority-spin interlayer has thickness N and the
MgO insulating interlayer has thickness M . It can be shown
that, for energies not close to any resonances, the conductance
has the form

G�(k‖) = Re[A�e−2kI M (1 + C�e2ikF N+φ� )], (A1)

where � = P for the parallel and � = AP for the antiparallel
configurations, respectively. Here A, C, and φ are real phe-
nomenological constants, kF is the majority Fe �1 Fermi sheet
as depicted in Fig. 2, and kI is the lowest-lying imaginary
Fermi sheet of MgO, labeled k1 in Fig. 3 of Ref. 10. All
these parameters depend on the in-plane momentum k‖. For
simplicity, we assume that they all have circular symmetry in
a neighborhood of the �̄ point, which is a fair approximation
because the MgO layer restricts transport to this region.
Following the argument of Ref. 10, we expand A� to second
order in k‖ about �̄,

A� := A
(0)
� + A

(2)
�

(
k2
x + k2

y

)
, (A2)

TABLE I. Asymptotic coefficients.

A
(0)
P A

(2)
AP CP CAP HI kF φ̃P − φ̃AP

Cap/Fe/MgO/Fe 0.2501 2.71788 0.3330 0.3381 11.674 0.455π 0.5
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FIG. 9. (Color online) TMR as a function of the MgO layer
thickness for a wedge junction given by the asymptotic formula
[Eq. (A6)]. The parameters used are given in Table I.

where A(0) and A(2) are independent of k‖. For a perfectly
epitaxial system, because there is perfect spin filtering of
minority spin states with k‖ = 0 at the Fe/MgO interface, A(0)

P

is finite while A
(0)
AP = 0. For systems where there is interfacial

disorder and, hence, a finite conductance for minority spin
states at �̄, the constant A

(0)
AP differs from zero so that

the greater the degree of interfacial disorder, the larger the
value A

(0)
AP.

We further expand kF and kI to second order in k‖ about �̄,

kF := k0
F + HF

2

(
k2
x + k2

y

)
, kI = k0

I + HI

2

(
k2
x + k2

y

)
, (A3)

and we set HF = 0 to reflect the fact that the �1 Fe Fermi sheet
is flat near �̄. The total conductance is given by the integral
over the BZ,

G =
∫

BZ
dk‖G(k‖), (A4)

which can be calculated exactly if we assume C and φ are
independent of k‖,

G�=πe−2Mk0
I

M2H 2
I

(
HIMA

(0)
� +A

(2)
�

)[
1 + C� cos

(
2k0

F N + φ�

)]
.

(A5)

It is clear that the conductances oscillate with a period of
π/k0

F in the FM thickness N . Furthermore, because HF = 0,
these oscillations do not decay as N increases. Corrections
to the conductance and TMR can be included to allow
for k‖ dependence of C and φ, but these lead to unduly
complicated formulas, with little improvement in qualitative
behavior. In order to obtain accurate quantitative values for
the TMR, however, it is important to have an accurate value
for the phase of the oscillatory part. We, therefore, replace
the constants φ� by effective phenomenological values φ̃�,
which are fitted to the TMR obtained from the tight-binding
calculation.

The TMR is given by

TMR =
(
HIMA

(0)
P + A

(2)
P

)[
1 + CP cos

(
2k0

F N + φ̃P
)]

(
HIMA

(0)
AP + A

(2)
AP

)[
1 + CAP cos(2k0

F N + φ̃AP
)]−1.

(A6)

This equation displays all of the qualitative features associated
with the quantitative calculations made in the main part of
this paper. It can be seen that the TMR oscillates with a
period of π/k0

F in the FM thickness N . Furthermore, because
HF = 0, these oscillations do not decay as N increases (cf.
Fig. 2). If HF were not zero, then both the conductance and
the TMR oscillations would decay as 1/N . For perfectly
epitaxial systems, A

(0)
AP = 0, and both the TMR and the

amplitude of the oscillations in N grow linearly in M for
large M (cf. Fig. 3). For systems with interfacial roughness
A

(0)
AP �= 0, both the TMR and the amplitude of the oscillations

in N saturate to a finite value for large M (cf. Fig. 4). For
the case of the wedged junction depicted in Fig. 6, we set
M = L − N .

By fitting the conductance formula [Eq. (A1)] to the
numerical tight-binding results for the conductance near �,
we can estimate the A� and C� coefficients (see Table I,
A

(2)
P can be neglected, and A

(0)
AP = 0 for an epitaxial junction).

The TMRs obtained from Eq. (A6) using these coefficients
are shown in Fig. 9 for the epitaxial junction (A(0)

AP = 0)
and rough junctions. The strength of the scattering due
to interfacial roughness is controlled by the A

(0)
AP coeffi-

cient, which describes the opening of the AP channel at
�̄ (k‖ = 0). It can be seen that the asymptotic formula is in
good agreement with the numerical tight-binding results of
Fig. 7 .
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