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Superpoissonian shot noise in organic magnetic tunnel junctions
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Organic molecules have recently revolutionized ways to create new spintronic devices. Despite
intense studies, the statistics of tunneling electrons through organic barriers remains unclear. Here,
we investigate conductance and shot noise in magnetic tunnel junctions with 3,4,9,10-perylene-
teracarboxylic dianhydride (PTCDA) barriers a few nm thick. For junctions in the electron tunneling
regime, with magnetoresistance ratios between 10% and 40%, we observe superpoissonian shot
noise. The Fano factor exceeds in 1.5-2 times the maximum values reported for magnetic tunnel
junctions with inorganic barriers, indicating spin dependent bunching in tunneling. We explain our
main findings in terms of a model which includes tunneling through a two level (or multilevel)
system, originated from interfacial bonds of the PTCDA molecules. Our results suggest that
interfaces play an important role in the control of shot noise when electrons tunnel through organic

barriers. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903739]

Organic elements in electronic devices have some
advantages over inorganic ones, like the ability to chemi-
cally adjust their electronic properties, their mechanical
flexibility, and the capability to form self-assembled layers.
Exploring the unique properties of the organic world to
improve and create new functionalities in spin related
optics, electronics, and memory elements has been attract-
ing considerable attention in the past decade.'”’ Organic
spintronics may lead to unique devices, for instance, or-
ganic light emitting diodes (OLEDs) based on magnetically
controlled luminescence.® A key limiting factor for the
operation of these and related devices is their signal to
noise ratio. Thus, the investigation of noise sources in or-
ganic tunnel junctions and spin valves is of fundamental
and technological interest, as the noise ultimately deter-
mines their practical applications.

Low frequency noise and shot noise (SN) measurements
have been systematically used to characterize the electronic
transport mechanisms in inorganic spintronics.”'® On the
other hand, noise in organic-based devices, which could
have 1/f and shot noise contributions, remains poorly under-
stood. For example, 1/f noise measurements have been used
to determine device quality,'” or transport features in
graphene-based devices (including one or several layers).'®
In another study, the 1/f noise and DC leakage measurements
were used as a diagnostic tool for OLED reliability in a pro-
duction line.'"” Current 1/f noise measurements have been
also used to identify individually contacted organic
molecules.?%*!
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Earlier noise measurements in organic spintronic devi-
ces were carried out at large applied voltages, where the 1/f
noise is dominant so the role of shot noise could not be deter-
mined. Apart from a technological view, precise knowledge
of SN can provide a valuable information on electron corre-
lations near the interfaces with organic barriers, especially in
the regime of direct tunneling. In fact, the role of interfaces
remains one of the central issues in organic spintronics.**

We analyze the tunneling statistics of organic magnetic
tunnel junctions (O-MTJs) by measuring shot noise, known to
be an excellent tool for investigating the correlations and other
details of electron tunneling, well beyond the capabilities of
transport measurements.”> > Shot noise originates from the
discrete nature of charge carriers, therefore, unlike thermal
noise, its contribution to low frequency noise survives down
to low temperatures. The normalized shot noise (or Fano
factor F) indicates>> whether the tunneling is uncorrelated
(poissonian, F'=1), anti-bunched (sub-poissonian, typically
due to negative correlations, F < 1) or bunched (super-poisso-
nian, typically due to positive correlations, F > 1).

We have investigated the conductance and shot noise of
O-MTIs with PTCDA molecular barriers in the direct tunnel-
ing regime.* In contrast to MTJs with inorganic barriers,'*!!
tunneling through molecular barriers shows super-poissonian
shot noise which additionally depends on the relative align-
ment of the electrodes’ magnetization. Our observations
are qualitatively accounted for within a model based on spin
dependent electron tunneling through an interacting two-level
(or multi-level) system.

The layer sequence of the studied O-MTJs is:
NiFe(25 nm)/CoFe(15 nm)/AlO,(0.6 nm)/PTCDA(1.2-5 nm)/
AlO,(0.6nm)/CoFe(30nm). The structure was deposited
onto a glass substrate, and prepared in a high-vacuum
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environment with a base pressure lower than 10~® mbar. The
metallic layers were deposited by sputtering at an Ar working
pressure of 5 x 10 °mbar. The PTCDA layers were grown
by thermal evaporation at 10~ ® mbar, with a deposition rate
of 0.1 nm/s. Thin AlO, buffer layers were grown between the
PTCDA layer and both ferromagnetic layers by partially oxi-
dizing Al in oxygen plasma for 5s. XPS measurements of
the Co/PTCDA interface have revealed that the addition of a
buffer layer prevents the hybridization between both layers,*
preserving an effective spin injection into the organic spacer.
Figure 1(a) shows a diagram of the investigated O-MTIs.
The PTCDA molecules have been found to lie essentially flat
over both AlO,/Co or Co, with a tilt angle of 12° =+ 3033

The voltage noise was measured using a cross-
correlation technique, described elsewhere.'®!'! The correct
calibration of our setup has been confirmed by independent
studies.'*"'> The current noise power in the absence of corre-
lations is Poissonian (full shot noise) and is given by
S;="2el, where [ is the average current and e the electron
charge. The voltage full SN is then Sp,; = ZeIRLZJ, with R,
being the dynamic resistance obtained from the correspond-
ing I — V curves. The experimental SN, S.,,, is obtained by
fitting a Gaussian peak to the histogram of the part of the
spectra independent of frequency (see the supplementary
material36). The Fano factor F is then calculated as
F= Sexp/Sfull-

Figure 1(b) shows that the resistance of the junctions
increases exponentially with the thickness of the PTCDA
barrier. This indicates that the PTCDA layer acts as a barrier
in the single-step tunneling regime.® Further proof can be
found in Ref. 36, where the conductance vs. temperature is
compared to hopping transport models. Figure 1(c) shows
the tunneling magnetoresistance (TMR) for three different
temperatures in a 2nm PTCDA O-MT]J, where the parallel
(P) and antiparallel (AP) magnetic alignment of the electro-
des are indicated by arrows. The TMR decreases when the
bias reaches 100mV (see Fig. 1(d)). Figure 1(d) also presents
the differential conductance in the P and AP states as a func-
tion of the bias voltage at T=0.3K for a 4nm PTCDA

(a)
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O-MTJ. We found that the magnetic tunnel junctions with
PTCDA barriers were more robust than conventional inor-
ganic MTJs, and typically did not experience dielectrical
breakdown as readily. Out of 14 samples studied, only 3
have degraded during multiple bias sweeps up to 500 mV.

The experimental SN and Sg,; and Fano factor at
T=0.3K for the 2nm PTCDA junction from Fig. 1(c) are
shown in Figs. 2(a) and 2(b) for the P and AP states. Figs.
2(c) and 2(d) show similar graphs for a sample with a 5 nm
thick PTCDA barrier. As can be seen, the F' factor ranges
from F =1 at low voltages to F' ~ 2 at higher voltages. All
the O-MTJ samples measured displayed a qualitatively simi-
lar variation of the Fano factor with the bias voltage. The
shot noise could be obtained for voltages up to a few tens of
mV only. The maximum voltage for which the shot noise is
measured corresponds to the energy at which the 1/f noise
becomes dominant and obscures the frequency independent
part of the noise spectrum. The spectra could be obtained up
to 100kHz, but a filtering arising from the sample capaci-
tance (dependent on the PTCDA thickness) allowed shot
noise measurements only between 1-10kHz. The appear-
ance of 1/f noise restricted SN measurements in all the stud-
ied samples, especially in the AP state.

Figure 3(a) presents the average saturation value of the
Fano factor in the P state for the samples which presented
the frequency-independent spectra. Figure 3(a) also shows
the variation of TMR with the PTCDA thickness. Control
junctions, with only a 1.2nm AlO, layer, show TMRs below
1%, and a metallic-like electron transport (see Ref. 36). This
points to diffusive electron transport, for which the theory?
predicts the Fano factor equal to 1/3. Thus, control measure-
ments prove that the super-poissonian SN is due to the
PTCDA barriers. Our O-MTJs with PTCDA thicknesses
between 1.2 and 5 nm show relatively high TMR and super-
poissonian tunneling statistics with the Fano factor approach-
ing 2, indicative of co-tunneling or tunneling with bunching.
Eight O-MTIJs of different barrier thicknesses, from four
sample sets, have shown qualitatively similar SN values

(Fig. 3(a)).
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FIG. 2. Voltage dependence of the

noise at T=0.3K in the P and AP
states of the (a) experimental (dots)
and expected full shot noise (lines) and

10

233302-3 Cascales et al.
80 : :
(a) O 5.P) —SuP) (b) 20
604 d Sew(AP) = = S.(AP)
N e
T % © 1 o 15]
o 400 & e
= ®©
£ % s
o 20 Re 104
R 2P
01 -@—AP
; ; : 0.5 :
-10 0 10 10
V(mV)
(€) 1500 [ 50) —5uP) (d) 20
— [ ] Sem(AP) .- SM‘(AP) e
N
NE 1000 | el o 15
= &
o7 5001 10.
<P
04 -@—AP

(b) Fano factor for a 2nm PTCDA
O-MTJ. (c) and (d) present similar
results for a 5Snm PTCDA O-MT]J.
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A number of electron tunneling mechanisms (Kondo
effect,” co-tunneling,***' and others***?) are capable of
producing super-poissonian SN, relevant mostly for small
quantum dots. Inelastic electron tunneling spectroscopy
(IETS) spectra from our samples reveal multiple features
(peaks) which could have an electronic and/or vibrational or-
igin (see Ref. 36). The observed SN has been accounted for
in terms of the approach developed by Belzig,*® extended to
spin dependent transport. The corresponding model is based
on tunneling through a spin dependent, two-level system (or
multi-level system in a more general case), with remarkably
different tunneling rates. The statistics of the transport pro-
cess are described as a sum of independent Poissonian events
during which a group or “bunch” of n electrons transfer inde-
pendently.?® This arises from the difference in tunnel rates
between the two levels and the transfer of one or more ele-
mentary charges in each process leads to an enhanced noise.
Details of the model and description will be presented else-
where. In Fig. 3(b), we show the calculated (lines) and ex-
perimental (points) TMR and Fano factor in the P and AP
states as a function of the parameter f, which describes the
spin asymmetry in tunneling rates.

60 40 20 0 20 40 60
V(mV)

Physically, the two or more levels with different cou-
plings can have their origin in localized states arising from
interfacial bonds between the PTCDA molecules and the
AlO, buffer layers. The following arguments suggest that
the localized states in the model have an interfacial nature:
(i) the exponential dependence of the tunneling resistance
on PTCDA thickness (Fig. 1(b)) including the metallic
character of the conductance when only the AlO, buffer
layer is present (see Ref. 36); (ii) a lateral size of the junc-
tions larger than a micron, for which the influence of
Coulomb blockade is minimized. We believe that the main
role of the AlO, layers in the superpoissonian shot noise is
providing the two (or multi) levels localized at the AlO,/
PTCDA interface. Therefore, the tunneling process takes
place through two parallel channels with statistics con-
trolled by interfacial two-level systems. The origin of
the interfacial states could be a charge neutrality level,**
or gap states,*” which appear due to the alignment of
the energy levels at metal/organic interfaces.*® The bias
dependence of the interfacial density of states could
explain the suppression of the Fano factor at large voltages

(Fig. 2(b)).
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In conclusion, super-poissonian statistics in tunneling
events through the PTCDA molecular barriers have been
unveiled by shot noise measurements. A superpoissonian
shot noise has been found, which is likely due to localized
states originated from interfacial bonds of the PTCDA mole-
cules. For a technological application, the shot noise could
be reduced or controlled, for instance, by the growth of dou-
ble-barrier*” O-MTJs. Challenges for further work include
extending the bias range where the shot noise could be inves-
tigated and comparing the role of the organic layers in the
superpoissonian SN by the study of O-MTJs with different
organic layers.
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