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Electrical switching in Fe/V/MgO/Fe tunnel junctions
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Bipolar hysteretic resistance switching in epitaxial Fe/V/MgO/Fe magnetic tunnel junctions is observed in
highly reproducible /(V) curves and found to be modified by the frequency of the bias voltage sweep. Obser-
vation of slow relaxation of the resistance state values is reported. A model is proposed that takes into account
the incidence of time-dependent electric-field-induced migration of atomic species on the effective barrier
thickness. This model provides a good qualitative agreement with experimental data.
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The resistive switching! effect has been studied since
1970s in bulk crystals> and for a few years in perovskites®
and binary oxides! thick layers. Fewer resistive switching
studies have addressed the case of very thin insulating layers
used as tunnel barriers, even though they are highly attrac-
tive for designing spin electronics devices. Among them, we
can mention switching effects in alumina barriers,*® in
perovskites,” in MgO,%!! or NiO.!> We recently showed
switching effect in Fe/Cr/MgO/Fe junctions combined with
tunnel magnetoresistive effects.” We attributed this switching
to localized defects due to the reversible diffusion of either
Cr or O species. Recently, a “memristor” model was put
forward by Strukov and co-workers that simulates the effect
of electromigration in oxide films in order to explain this
switching effect.!® In this model, I(V) cycles are represented
by distorted Lissajou curves, with a hysteretic opening that is
modulated by the frequency of the bias voltage sweep. Sys-
tematic studies of the dynamics of the switching process are
therefore key to getting better insight into the origin of the
resistance switching phenomenon.

In this paper, we investigate ultrathin MgO barrier in ep-
itaxial Fe/V/MgO/Fe magnetic junctions. Relative to their Cr
counterparts,’ these vanadium-dusted (V-dusted) junctions
systematically exhibit reproducible, hysteretic (V) cycles,
defining resistive off and on states. This hysteresis strongly
depends upon the frequency of the bias sweep used to gen-
erate I(V) curves. We have extended the Strukov model' by
introducing a term that takes into account the time-dependent
redistribution of chemical species within the junction barrier
after modifying the amplitude/sign of the applied electric
field. This term reflects our experimental observation of a
slow time dependence of the resistance states, modified by
the voltage history of the sample.

Heterostructures were deposited by molecular beam epi-
taxy on (001) MgO substrates in a chamber with a base pres-
sure of 107!° Torr. A 20 nm Fe buffer layer was first depos-
ited at room temperature and annealed at 450 °C for 1 h. The
rest of the stack was subsequently grown at 100 °C to pre-
vent interdiffusion between the layers. It consists of an ultra-
thin layer of V followed by a 3 nm MgO barrier, a 6 nm Fe
layer, and a 15 nm layer of Co.'* The sample was eventually
capped with 2 nm of Pt so that the final stacking sequence of
our samples is (thicknesses in nm) MgO/Fe(20)/V(d)/
MgO(3)/Fe(6)Co(15)/Pt(2), including an epitaxial, bcc
(001)-oriented Fe/V/MgO/Fe multilayer junction stack. The
crystalline structure of the MgO barrier seems not to be
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modified by the underlying thin vanadium layer: reflexion
high-energy electron diffraction (RHEED) observations dur-
ing growth show a layer-by-layer growth of the vanadium
and MgO layers, as proved by the specular beam intensity
oscillations. Moreover, no roughening of the MgO layer is
observed on the RHEED pattern in the presence of the vana-
dium layer.

Micron-sized junctions were then patterned using stan-
dard techniques, including optical lithography, Ar ion etch-
ing, SiO, encapsulation, and lift-off of a Ti/Au bilayer to
achieve the top electrical contact.” Transport measurements
were performed at room temperature using a conventional
four-wire technique. The applied V() curves had triangular
shapes, imposing therefore a voltage sweep rate of constant
magnitude. A fast AD converter (10 Msamples/s, 16 bits),
synchronized with an analog sweep generator (up to 250 kV/
s), was used to perform the sweep measurements. The refer-
ence of positive voltage was taken at the top electrode (with
no vanadium). This means that, for a negative bias, nega-
tively charged species such as electrons or oxygen anions
may migrate toward the lower junction interface that is
dusted with vanadium.

The resistive switching features presented in Fig. 1(a) are
representative of 80% of the 50 tested junctions with a va-
nadium thickness d=1.2 nm. Repeated I(V) cycles up to
[V|=1 V on our Vanadium-dusted junctions reveal a clear
hysteretic behavior that leads to a two-level resistance state.
The I(V) curves exhibit a continuous hysteretic behavior,
with an opening in the cycle that depends on the sweep fre-
quency and on the maximum applied voltage. This hysteretic
behavior leads to a resistance decrease for negative bias and
to an increase for positive bias. No such hysteresis was ob-
served on reference Fe/MgO/Fe junctions [Fig. 1(b)]. The
bipolar switching in the /(V) curves demonstrates a high de-
gree of repeatability (Fig. 2): up to 100 cycles were per-
formed and showed two stable resistance states with a slow
relaxation. Their is no electroforming step before observing
resistance switching in these junctions: virgin junctions ex-
hibit an hysteretic behavior on I(V) curves even with a low-
maximum applied voltage of —0.2 V, for instance.

Above 1V, the switching regime changes: the resistance
switching are abrupt and after a few I(V) cycles, the junction
definitively breaks down toward a low resistance. Notice
that, before breaking down, in this high-voltage regime—i.e.,
|[V|>1 V—the effect of the polarity of the voltage is not
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FIG. 1. (Color online) (a) Ten successive I(V) curves on Fe/V/
MgO/Fe 20 um wide circular junction with 1.2 nm vanadium.
Each cycle was measured in 100 s. (b) Fe/MgO/Fe 30 wum wide
circular junction I(V) curves and (see inset) magneto-resistance
measurement at room temperature.

systematic: either the resistance increases with V>0 or it
decreases, depending on the measured junction.

We present in Fig. 3 a typical time-dependent resistance
trace upon applying a specific series of applied bias voltages.
Referring to Fig. 3, we apply a given dc bias V; in order to
obtain a quasi stationary regime and then we apply a dc bias
V, to the junction. This leads to a time-dependent resistance
that tends toward an upper (lower) limit for a positive (nega-
tive) value of V,—V,. The presence of this transitory regime
clearly shows that the junction history, and more precisely
here the junction state prior to the bias change, determines
the time-dependent junction response. This relaxation on
long time scales was not observed in the case of chromium
dusting® but is analogous to what was observed by Krzystec-
zko et al." in MgO barriers.
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FIG. 2. (Color online) Resistance measured at +0.6 V in the
“on” and the “off” states as a function of the number of /(V) cycles
on a Fe/V/IMgO/Fe 10 pwm diameter junction with 1.2 nm vana-
dium. The maximum applied voltage is =1 V.

PHYSICAL REVIEW B 81, 174425 (2010)

1.6 . . r T
— a SE— 4
g1l f ]
* g__

1.4 pu— 1
7 “O[b [+0.5v ]
S 05 > +0.2V +0.2V 1
E o0 0.5V

-0.5} : 1

0 5 10 15 20
Time(min)

FIG. 3. (Color online) (a) (Dots) Successive resistance measure-
ments versus time at +0.5, +0.2, and —0.5 V on a 25 um wide
circular junction. Regardless of relaxation effects, the resistance
value depends on the voltage due to non linear I(V) curves (see Fig.
1). It thus explains the resistance jump when the bias voltage is
changed. (Full line) Logarithmic fit of the last two experimental
curves. (b) Applied bias voltage.

No magnetoresistance is observed for these junctions with
a 1.2 nm vanadium layer. This is due to the filtering effect of
the vanadium layer on A, electrons as in the case of a chro-
mium layer.>'* Indeed, the A, electrons are 100% spin po-
larized at Fermi level and have been shown to dominate the
tunnel transport through MgO, thus leading to high-tunnel
magnetoresistance (TMR) values in usual Fe/MgO/Fe sys-
tems. As vanadium do not have A, states at the Fermi level
but about 3.5 eV above the Fermi level,' the vanadium layer
represents a tunnel barrier for A, electrons, which are thus
filtered away.

Our junctions with no vanadium exhibit TMR values of
150% at 300 K but no resistive switching up to a voltage of
1 V as shown on Fig. 1(b). Between 1 and 1.5 V, they break
down irreversibly: whatever the applied voltage, their resis-
tance remains close to a few ohms.

Junctions with an intermediate dusting coverage of vana-
dium (0.3 nm) exhibit a TMR amplitude of about 60% at 300
K and also switching effects [see Fig. 4(a)]. These effects are
observed after applying about 0.5 V to the junctions for a
few seconds, which can be regarded as an electroforming
step. By varying the maximum applied bias during the I(V)
cycle, we can modify the shape of the curve and thus the size
of the hysteresis. Hence the value of the conductance mea-
sured at a constant and low voltage (10 mV) can be varied in
a relatively large range. This enables us to observe the value
of the TMR (measured at 10 mV) for different values of the
resistance of the junctions [see Fig. 4(b)]. As we already
showed in the case of Fe/Cr/MgO/Fe tunnel junctions,’ the
nearly linear behavior of the TMR as a function of R reveals
that there a spin unpolarized memristive current channel
flows in parallel with a spin polarized non memristive chan-
nel. The addition of the conductance of both channels lead to
the linear behavior of TMR as a function of R. One can
notice a saturation of the TMR value for large resistances—
above 400 () in Fig. 4(b)—perhaps once the nonpolarized
conductance channel becomes negligible relative to the con-
ductance of the rest of the junction. The main difference with
the Fe/Cr/MgO/Fe case is that, in the case of vanadium dust-
ing, resistive switching appears even for low thickness of the
dusting layer. This enables us to observe at the same time a
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FIG. 4. (Color online) Fe/V/MgO/Fe tunnel junction with a 0.3
nm thick vanadium layer. (a) Resistance measured at +10 mV in
the on and the off states as a function of the number of /(V) cycles.
The maximum applied voltage during the cycle is 0.4 V. (b)
TMR measured at 10 mV as a function of the junction resistance at
10 mV in the antiparallel state on a 30 wum diameter junction. A
linear fit of the data is shown.

large TMR value (60%) and the switching phenomena. In the
case of Cr dusting, the switching effects are weak for d
=0.3 nm and the TMR becomes low (in the order of 6%) for
thicker dusting layers® exhibiting switching effects.

We should notice that there is a slight evolution of the
hysteresis with time on the sample shown on Fig. 4 when
modifying the value of the maximum applied voltage. This
makes the hysteresis non perfectly reproducible when com-
ing back to a previously measured I(V) curve with a given
maximum voltage. This has to be linked with the relaxation
of the hysteresis observed on Fig. 2, even without any
change of the maximum applied voltage.

Recalling that the hysteretic behavior is not observed in
our Fe/MgO/Fe junctions, one can identify the vanadium at
the barrier interface as the source of switching. Contrary to
the case of Fe/MgO/Fe junctions in which Fe does not seem
to be oxidized,!” V might become oxidized as observed by
Cebollada and co-workers in MgO/V/MgO systems.'® It
could then form an additional VO, insulating barrier'® next
to the MgO one. On the other hand, the oxidation of vana-
dium might create oxygen vacancies in MgO and thus trap-
ping defects that will influence the tunnel transport through
MgO. This has already been observed in the case of Sm (Ref.
20) or Al (Ref. 21) dusting at the interface with insulating
oxides: these extra metallic layers can easily oxidize, leading
to bipolar switching effects. The required electroforming step
in the case of a thin vanadium layer (0.3 nm) suggests that
the density of defects leading to the resistive switching de-
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FIG. 5. (Color online) I(V) curves on a 20 um-wide Fe/MgO/
V/Fe circular junction annealed at 450 °C with 0.06 nm vanadium.
The junction evolves irreversibly toward a low resistance state after
a few cycles.

pends on the vanadium thickness: with thick vanadium lay-
ers, switching defects are present in the barrier even in the
virgin state, which is not the case for thinner vanadium lay-
ers. The strong effect of a thin vanadium layer on the switch-
ing, even stronger than in the case of chromium,” has to be
linked with the high oxygen affinity for this metal.??

Even though we do not observe resistance switching in
our non-dusted junctions, some papers reported such effects
in Fe/MgO/Fe (Ref. 23) or FeCoB/MgO/FeCoB (Refs. 8, 10,
and 11) devices. We have to underline that these reports are
only few among the large literature devoted to MgO tunnel
barriers, meaning that most of the MgO-based tunnel junc-
tions are stable before breaking down. To explain these re-
ported resistance switching observations in MgO, the ques-
tion has been raised whether nitrogen contamination in the
MgO barrier,”® or boron diffusion was responsible for insta-
bilities in the I(V) curves. Moreover, oxygen vacancies due
to sputtering deposition of the MgO barrier also seem a
likely explanation for these effects. Whatever the answer, it
seems that the deposition method might explain the appear-
ance of defects in the barrier and the subsequent resistance
switching. In our case, with nondusted molecular beam epi-
taxy (MBE) grown samples, there seem no to be enough
defects to induce these resistance switching effects.

In order to enhance the expected oxidation of vanadium at
the interface with MgO we have studied annealed systems of
Fe/MgO/V/Fe. The annealing was performed before the top
Fe layer deposition, in order to avoid Fe-V interdiffusion at
high temperature. It was performed at about 450 °C for 1 h
in ultrahigh vacuum. even with low amounts of
vanadium—d=0.06 nm—we observe a strong bistability
(see Fig. 5) in the I(V) curves. However, the junctions evolve
irreversibly toward a low resistance state after a few cycles.
This is similar to the high voltage regime—i.e., for |V
>1 V—in our nonannealed samples. Moreover, the effect of
the voltage polarity on the resistance behavior varies from
one junction to another as in this regime.

These results clearly underscore the strong impact of an-
nealing on enhanced vanadium oxidation and the creation of
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defects in MgO. Indeed, in the case of nonannealed samples,
no resistance switching is observed for d=0, and a reproduc-
ible switching is observed for d=0.3 nm. Extrapolating
these two results to d=0.06 nm we expect either no resis-
tance switching or a reproducible resistance switching for
this low vanadium thickness in the absence of annealing. The
prebreakdown regime in this sample thus proves that the
annealing led to the creation of large defects and to the sub-
sequent rapid evolution toward a low-resistance states. We
note that 450 °C is close to the optimal annealing tempera-
ture in usual MgO-based tunnel junctions.>* Annealing at this
temperature cures the intrinsic defects in nondusted MgO
barrier. Thus the appearance of strong resistance switching
effects after annealing cannot be attributed to the creation of
intrinsic defects inside our barriers, but on the contrary, has
to be attributed to the oxidation at the MgO/V interface.

For nonannealed samples, we propose to model the hys-
teretic 1(V) curves by taking into account the likely oxidation
at MgO interfaces. The observed hysteretic I(V) curves ex-
hibit a continuous change in the junction resistance with no
dramatic jumps. This observation is similar to that observed
experimentally by Hasan?® or obtained in the model devel-
oped by Strukov and co-workers.'? In this model, the authors
consider the correlated resistivities of two adjacent semicon-
ducting layers, one with a low-doping level and the other one
with a high doping level. Electromigration is then supposed
to reversibly bring doping atoms from one layer to another,
leading to strong changes of the total resistance.

To adapt this model to our V/MgO bilayer system, we
suppose that, due to the electric field resulting from the bias
voltage V applied across the junction, changes in the junction
barrier’s microstructure (e.g., the ionic drift of oxygen va-
cancies and the formation of an effective VO,/MgO,_, bar-
rier) lead to a variation of the effective barrier thickness 4, as
already made by Ventura et al.?> or Krzysteczko et al.'> who
supposed constrictions in the tunnel barrier. This does not
rule out other hypotheses, such as for instance electron trap-
ping on oxygen vacancies in the barrier or at the interfaces.
This indeed would lead to local changes in the potential of
the barrier, which also enters in exponential form into the
expression of the tunnel conductance. For clarity purposes,
we parametrize our model in terms of barrier thickness varia-
tions.

Introducing a time dependence of the barrier thickness as:
%:aV, with & as the barrier thickness and « as the ionic
migration strength. However, this term alone cannot account
for the polarity dependence of the transitory regime that we
have discussed previously. Indeed, the resistance relaxation
should in this case be uniquely defined for a given applied
voltage regardless of the junction history, which is not ob-
served in the data of Fig. 3. We actually observe that the sign
of the relaxation depends on the sign of the voltage step, i.e.,
on the difference V,—V,. We therefore add a chemical reac-
tion term S that mimics phenomenologically the relaxation
of the barrier toward a given thickness h, independently of
the applied bias. The time dependence of the barrier thick-
ness may now be expressed as
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dh
5 =V Blh=hy). (1)

This expression can reproduce the relaxation behavior shown
in Fig. 3. Nevertheless, the solution of Eq. (1) in the transi-
tory regime would lead to an exponential decay or growth of
the resistance, whereas, as seen from the fits in Fig. 3, the
relaxation is logarithmic. It is well known that the sum of
exponential contributions with a wide distribution of con-
stants can lead to a logarithmic decay—see, for instance, Ref.
26. In our case, we can suppose large fluctuations of « or B
from one defect to another: indeed, the existence of localized
defects does not imply that all the defects have the same
characteristics—see, for instance, Ref. 27. Suppose for in-
stance electron traps inside the barrier which could be filled
or unfilled, so modifying the local conductance: the energy
barrier height for trapping an electron could strongly vary
from one defect to another, depending on the position of the
trap inside the MgO barrier, relative to the V/MgO interface.
It would be the same in the case of electromigration: the
energy required to move for instance an oxygen vacancy
could be modified from one site to another, again as a func-
tion of its position inside the MgO barrier. It thus would
make sense to suppose a large distribution of parameters « or
B, leading to a logarithmic instead of exponential relaxation
of the resistance with time. This effect of a large distribution
will be detailed in another paper.?

To model our experimental bias sweep, we consider a
sinusoidal bias voltage u=V, cos(w.z). This leads in the
stationary regime to h=hg+ #V;z[w sin(wt)+ B cos(wr)]. As
we showed in the Fe/Cr/MgO/Fe system,’ or as shown
by Freitas* for alumina barriers, most of the surface area
of the barrier should remain unchanged under bias
voltage, with atomic migration occurring along local hot-
spots in the barrier. We model this as two parallel
channels of conductance. Considering the exponential
dependence with coefficient y of the tunneling conduc-
tance vs barrier thickness h, the total conductance can
be written as G=Gy+ G,e[‘“wo/(“’z”ﬁzﬂ[“‘ sin(w)+f cos(wnl = G
+Gle[‘y/(1+x2)][x sin(wn+eos(@] with x=w/B and y=ayV,/p.
G, corresponds to the unmodified barrier conductance, while
G, describes the amplitude of the conductance changes in the
defect-mediated channel. For simplicity G, and G, are taken
as constant relative to the bias voltage, which means that we
neglect the nonlinearity inherent to the tunnel transport. Tak-
ing into account this nonlinearity would simply distort the
obtained curves, but would not change the main features of
our model. We emphasize here that the additional B cos(wt).
term leads to asymmetries in the opening Al of the I(V)
curves, in qualitative agreement with our observations (see
Fig. 6).

Assuming a
e—leZm(E—V)/h’

tunnel conductance that varies as

we can evaluate the equivalent thickness
change Ah at hot spots within the hypothesis of ionic drift.
Here, m is the mass of the electron and E the barrier height.
The ratio of the conductance onto defects Gyepeei=G—G
in the On and Off states is indeed equal to e~2/>"(E-V)/%
for a given voltage V. From Fig. 6, if we take
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FIG. 6. (Color online) (Dots) Measured asymmetrical /(V) curve
on a Fe/V/MgO/Fe with 1.2 nm vanadium. (Line) /(V) curve ob-
tained from the model with x=0.15, y=2.2, G;=3.7X 1075 S, and
G,=33%10° S.

GO /G =1.17 at —0.7.V, we get Ah=0.03 nm, with
E-V~1 eV. Supposing a lower barrier height—for instance
a barrier of vanadium oxide-with E-V~0.1 eV, we get
Ah=0.1 nm. These values would make sense within the
frame of ionic drift since Ak is on the order of the inter-
atomic distance. We have to notice that the 0.03 nm value is
in the same order of magnitude as what was found by Krzys-
teczko et al.'> who estimated the thickness changes in the
MgO barrier at 0.01 nm. Moreover, this calculation supposes
that all defects behave in the same way, whereas we expect a
significant distribution of A% values: it means that locally, on
some hot spots, Ah might be much higher than 0.03 nm.
Therefore, due to the exponential dependence of the conduc-
tance on the barrier thickness, it would lead to strong local
variation of the conductance.

A similar calculation under the hypotheses of barrier
height changes and a constant thickness would lead to a 20
meV change for E between the on and off states, which is
also realistic. This is for instance of the same order of mag-
nitude as the charging energy for one electron in the case of
Coulomb blockade in a tunnel barrier.?

Another consequence can be drawn from our model: In
contrast to the model developed by Strukov et al.,'® the I(V)
hysteresis depends in a nonmonotonous manner on w as
shown in Fig. 7(a). Indeed, as long as w<<f, the hysteretic
opening Al in the I(V) trace increases with increasing w, and
then decreases when w~ B, with a maximum value that de-
pends on the bias voltage. This maximum is observed experi-
mentally [see Fig. 7(b)] at positive bias. This clearly indi-
cates that the memristor model as developed by Strukov et
al. would not be sufficient to describe our frequency-
dependent observations. It supports the phenomenological
model given by Eq. (1) with the addition of a new term.

The absence of a maximum of the hysteresis under a
negative applied bias has nevertheless to be stressed. Our
model predicts a maximum at a lower frequency for the
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FIG. 7. (Color online) (a) Calculated hysteresis at =0.5 V as a
function of the normalized sweep frequency w/ . These values are
obtained from the above model with the same set of parameters as
in Fig. 6. (b) Experimental hysteresis measured at =0.5 V as a
function of the voltage sweep frequency w.

negative polarity [see Fig. 7(a)], but this one should never-
theless be observed. Its absence in experimental observations
could for instance be attributed to the distribution of & and 8
constants, modifying the shape of the curve for this negative
polarity.

To conclude, frequency-dependent studies of electrical
switching effects in tunnel junctions with MgO barriers and
V insertion layers have been modeled with a phenomenologi-
cal set of equations that captures most of the physical obser-
vations by assuming a local change of the barrier thickness
or height due to the applied bias voltage. Moreover, this
model can describe the experimentally observed asymmetry
in the hysteresis of the (V) curves and the frequency depen-
dence of the hysteretic opening. Relaxation studies reveal
that slow processes can be of significant importance, provid-
ing insights into the microscopic models for the switching
process.
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