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Shot noise reveals spin dependent transport properties in a magnetic tunnel junction(MTJ). We
report measurement of shot noise in CoFeB/MgO/CoFeB/MgO/CoFeB double barrier magnetic
tunnel junctions(DBMTJs), which shows a strong temperature dependence. The Fano factor used
to characterise shot noise increases with decreasing temperature. A sequential tunneling model can
be used to account for these results, in which a larger Fano factor results from larger spin relaxation

length at lower temperatures.

I. INTRODUCTION

Magnetic tunnel junctions(MTJs)**¥ have broad ap-
plication prospects due to their giant tunneling
magnetoresistance(TMR)*™. MTJs based on symmetry-
preserved tunneling have been used for read heads of
hard disk drives and data storage such as STT-MRAM1.,
Double barrier magnetic tunnel junctions(DBMTJs)
have potential advantages over single barrier magnetic
tunnel junctions(SBMTJs) due to their better signal to
noise ratiocl1®. DBMTJ can generate a larger output
voltage at the relevant operating voltage, which can im-
prove the signal to noise ratict#7,

Shot noise is a powerful tool for studying spin de-
pendent tunneling processes in MTJs18123 Tt reveals the
discrete nature of electrons and can be characterised
by Fano factor(F). In the zero temperature limit, the
Fano factor is defined F' = 2‘%’]7 where S; is the ex-
perimental current noise power. If electrons tunnel
through the barrier independently (Poissonian process),
F = 1 which means full shot noisé?*. Full shot noise
has been measured in SBMTJs with large TMR1822:29]
It is usually suppressed (F' < 1) in DBMTJs due to
two step tunneling!. Magnetic control of shot noise
was reported recently in weakly asymmetric epitaxial
Fe/MgO/Fe/MgO/Fe DBMTJs?%28, However, in previ-
ous reports shot noise in DBMTJs was measured below
10 K to avoid the influence of 1/f noise?”?2. Measure-
ment of shot noise at higher temperatures and further
study of the variation of shot noise at different tempera-
tures are helpful for potential applications at room tem-
perature as well as for understanding spin relaxations in
DBMTJs.

In this work, we develop a high-frequency noise mea-
surement setup and successfully measure shot noise in a
large temperature range from 296 K to 20 K. We find that
shot noise can be tuned not only by magnetic states but
also by temperature in sputtered DBMTJs. The Fano
factor increases significantly as temperature decreases
from 296 K to 20 K. A sequential tunneling model with
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FIG. 1. (color online) Schematic of measurement setup and
device structure. The left side shows the DC bias circuit and
the right side shows the noise signal acquisition circuit.

0]

consideration of spin relaxation! is used to explain our

results.

II. METHOD:HIGH FREQUENCY
MEASUREMENT SETUP

It is difficult to measure shot noise at high tempera-
ture due to large 1/f noise in DBMTJs and low frequency
bandwidth normally used. Although we can try to mea-
sure shot noise with a large bias current, 1/f noise in-
creases much more quickly than shot noise with increas-
ing bias especially at high temperatures?®2®, So it is
necessary to measure shot noise at high frequency in or-
der to minimize the influence of 1/f noise. To reach high
frequency, we use a high frequency amplifier(MITEQ AU-
1447) and high frequency SMA connector. The AU-1447
has an input impedance of 50€2, and is used to measure
current noise from device. Figure [I] shows the schematic
diagram of our noise measurement setup. At the left side,
we use a digital voltage source Agilent B2901A decoupled
by a home-made battery-powered optical decoupler cir-
cuit and a RC filter as a low noise current source. At the
right side, the noise from the device is amplified with the
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FIG. 2. (color online) (a)Schematic diagram of the stack of
asymmetric DBMTJ. (b)TMR for our sample at room tem-
perature. (c)Differential resistance of AP1 (red) and AP2
(green) states at room temperature, which is needed to cal-
culate the current noise power fitting line. The insert shows
the voltage dependence of resistance. (d)Bias dependence of
current noise power S; at room temperature of AP1 and AP2
states. The red and green dots are experimental data and
solid lines are noise fitting lines from which we estimate the
F by using Eq The intercept is thermal noise. The F is
smaller than 1 for both states.

AU-1447 and then digitized by a data acquisition card.

Current noise of sample is measured in the range of
2.1-2.5 MHz, within which 1/f noise is ten times smaller
than shot noise even at room temperature. A typical
noise spectrum is shown in Appendix A.

III. RESULTS AND DISCUSSION
A. Device and shot noise fitting

Figure [2(a) shows a simple schematic of a DBMTJ
stack with two synthetic anti-ferromagnetic layers(SAF),
two asymmetric MgO barriers and a free layer in be-
tween. Sample fabrication was already reported®. Fig-
ure 2(b) shows the TMR curve at room temperature.
There are two different high-resistance states: AP1 (|1
1) and AP1" (1] 1) and three low-resistance states:AP2
(LT 1),P (11 1) and P’ (4 )%,

At finite temperature, white noise power(Synite) is
given by?4
4kT eV 2kT

S[:R_d-FQF[eICOth%—R—d], (1)
where I is the average current, V' is the junction voltage,
e is the electron charge, k is the Boltzmann constant,
T is temperature, R, is the differential resistance of the
junction and F' is the Fano factor which is generally in-
dependent of temperature. Figure c) and insert show
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FIG. 3. (color online) Field dependence of F at 296 K(a) and
78 K (b). Red solid lines are MR curves and black dots are F.
For both temperatures, F shows magnetic state dependence.
The Fano factor for the AP1 state is much larger than for
the others. (c) and (d) show the magnetization orientation
of AP1 and P state. At AP1 state, Ry is much larger than
R1, which leads to a larger F than in the P state where Rs is
comparable to R;.

differential resistance of the AP1 and AP2 states at room
temperature, which are used for fitting the shot noise in
Fig. 2(d) by using Eq[i} Figure [2(d) shows the current
dependence of current noise power S; for AP1 and AP2
states at room temperature. The dots are experimental
data and solid lines are fits to Eq[Il We take into account
the thermal noise and use Eq[I] to obtain F. It’s obvious
that F is less than 1.

B. Magnetic state dependence

It is observed that in sputtered, strongly-asymmetric
DBMTJs the Fano factor can be tuned by magnetic
states, as shown in Fig. [B[a) and (b) where F of the
different states and the MR curves are summarized at
two typical temperatures (296 K and 78 K). Black dots
and red solid curves in Fig. [3]show F and MR curves. In
AP1, F is much larger than in other states at each tem-
perature. The Fano factors of AP2, P and P’ are similar
and slightly smaller than AP1".

In previous work, shot noise in epitaxial DBMTJs was
shown to depend strongly on the magnetic configura-
tion, and the symmetry of the two barriers, and a se-
quential tunneling model was used to explain the mag-
netic state dependencdt2026 Eollowing their work, we

have: FF =1— % where Ry (Rz2) is the resistance of

first(second) barrier. Figure[3{c) and (d) show the mag-
netization orientations in the AP1 and P sates. For AP1,
R, is much larger than R; due to sample’s asymmetry,
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FIG. 4. (color online) Differential resistance and noise power
are measured at different temperatures for two states. Differ-
ential resistance at different temperatures of AP2 and AP1
states are shown in (a) and (b). In (a), dV/dI changes lit-
tle with temperature decreasing. In (b), dV/dI increases at
low temperatures. Bias dependence of current noise power
St at different temperatures is measured in (c)AP2 state and
(d)AP1 state. From room temperature to low temperature,
thermal noise decreases and F increases. As a result, for large
bias the noise power at low temperatures is larger than noise
power at room temperature.

and F will approach 1, which is similar to the case of a
single barrier. While in the P state, R; is comparable to
Rs, which leads to a lower F than than in AP1 state.

C. Temperature dependence

The Fano factor is wusually independent of
temperaturé?®2d.  However, we find that there is a
strong temperature dependence in DBMTJs. Figure []
shows our experimental results at three representative
temperatures. Figure [4c) and (d) show the bias depen-
dence of noise power S; for AP2 and AP1. For both
states F increases and thermal noise decreases from 296
K to 20 K. Figure[dfa) and (b) show the bias dependence
of the differential resistance in AP2 and AP1 states.
For AP2 states, Ry changes little with temperature
especially below 78 K while F changes appreciably. It is
obvious that the change of F is not simply related to Ry.

Figure a) summaries the temperature dependence of
F for the same two states. In the AP2 state, the Fano
factor increases from 0.55 at 296 K to 0.73 at 20 K. While
for AP1, F also increases with decreasing temperature
and approaches 1 below 78 K.

The temperature dependence in DBMTJs can be ex-
plained by sequential tunneling if we take spin into ac-
count. Following recent work??, in the absence of spin
relaxation electrons with up spin(spin-up channel) and
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FIG. 5. (color online) (a)Temperature dependence of F for
two states(AP1 and AP2). For both states it is much smaller
than 1 at room temperature and close to 1 at low tempera-
ture for the AP1 state. But for the AP2 state, F continually
increases with decreasing temperature. (b)(c)Schematic dia-
gram of two sequential tunneling model (coherent and inco-
herent limit). Green layers are ferromagnetic and red layers
are insulating. (b)At low temperatures, we can ignore spin re-
laxation in the middle ferromagnetic layer, and the tunneling
process can be separated as spin up and spin down channels
(coherent limit). These two channels contribute to the total
noise power S. (c)When at high temperature, spin relaxation
is strong, the tunneling process reaches incoherent limit. It
is just like two SBMTJs in series with an island in between
them.

electrons with down spin(spin-down channel) tunnel sep-
arately. Then for each channel, the noise power is exactly
like it is in the case of spinless particles. Therefore shot
noise can be calculated as S = Sy + S|, where Sy and
S| are the contributions from the spin-up and spin-down
channels as depicted in Fig. b). In this case F can be
expressed as :

(R} + R3,)R} + (R}, + R3))R}
RIR?(Ry + R)) ’

Fcoherent = (2)
where R;, is the spin dependent resistance of the i-
th(i=1,2) barrier and R, = R1, + Ro,. If spin relaxation
in the middle layer is strong enough, only charge fluctu-
ations need to be taken into account. In this case, the
DBMTJ can be considered as two single barriers in series
as shown in Fig. [5{c). Then the F will be

R3,R3 (R + R1y)” + RY, B3 (Roy + Ryy)”

Fincoherent = ’
[RiRay(Roy + Ray) + RotRoy(Ruy + Riy))?
(3)

For simplicity we can directly consider a DBMTJ as two
SBMTJs in series and Eq.(3) can become to Finconerent =
1-— %,Where R; = (Ri4Ri)/(Rit + Ryy) is the
resistance of the i-th barrier.

The spin relaxation length is limited by spin-orbital

or spin-spin scattering from defects or impurities and



scattering by phonons and magnons3¥3L, Scattering by

phonons and magnons decreases with decreasing temper-
ature. In this case, the tunneling process could change
from incoherent limit to coherent limit as temperature
decreases from high temperature to low. Therefore F will
change as the spin relaxation length changes at different
temperature.

As in previous work?”, the following parameters are
introduced: a = R9,/R},, /i = R} /R},, and By =
RY ./ RST, where R?T( p I8 the resistance of i-th barrier

for spin majority(minority) electrons in the state with
parallel magnetizations on both sides. If we choose
a = 025, = 11,8, = 100, for the AP2 state:
Finconerent = 0.56 and Fioperent = 0.69, which is com-
patible with our results(0.55 at 296 K and 0.71 at 20 K).
These parameters are selected specifically for the sam-
ple asymmetric structure. The spin diffusion length of
CoyoFeq0Bo0 and CosgFesg was found to be 4.5 nm and
9 nm at 4 K#293 which is larger than the thickness of the
3 nm middle layer in our sample. It seems possible that
the tunneling reaches coherent limit at 20 K in our sam-
ple. For AP1, F also increases at low temperature and
approaches 1 below 78 K. This is caused by the strongly
asymmetric structure of our device. The Fano factor will
approach 1 when [y > [; no mater it is coherent or
incoherent tunneling.

Shot noise was also measured in single barrier MTJs,
where F was close to 1 and no temperature dependence
was found. Results are shown in appendix C.

IV. CONCLUSION

In conclusion, we measured shot noise at room temper-
ature in a high-frequency bandwidth(2.1-2.5 MHz) and
find that shot noise in the asymmetric DBMTJ shows
temperature and magnetic state dependence. At a given
temperature, the Fano factor is much larger in high re-
sistance AP1 state than in other four states. It increases
as temperature decreases from room temperature to low
temperature for all magnetic states. We interpret our
findings with larger spin relaxation length in the mid-
dle ferromagnetic layer at lower temperatures by using
sequential tunneling model.
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APPENDIX A: TYPICAL SPECTRUM

Figure [6] shows typical noise spectra of AP1" state at
room temperature for bias current of 40 uA(green) and
510 uA(red). We can select a suitable frequency range
with flat noise power to get accurate white noise power.
There is extra noise from amplifier AU1447 in the range
of 0.1 kHz-4 kHz which is the same for both current val-
ues. Below 100 kHz, the fast increase of the noise could
be due to 1/f noise. The peak between 5 MHz and 15
MHz is extra noise from ground loop. The damping at
high frequency (>15 MHz) is caused by a low pass fil-
ter to avoid frequency aliasing®®. 2.1-2.5 MHz is used to
measure shot noise and is shown in insert. Obviously, 1/f
noise is much smaller than shot noise at this frequency
range. And shot noise increases with increasing bias cur-
rent.

APPENDIX B: ANOTHER DBMTJ SAMPLE

Similar results are shown in Fig. [7]for another DBMT.J
sample(DB2) with lower TMR (150%). Noise is again
measured at 2.1-2.5 MHz and differential resistance is
used to calculate current noise. Fano factor in this sample
also shows temperature and magnetic state dependence.
Fano factor of the AP1 state is larger than AP2 state,
and it increases with temperature decreasing.
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FIG. 6. (color online)Typical spectrum measured of AP1"
state at room temperature for 40 uA(green) and 510 uA(red)
bias current. The insert shows the frequency used to measure
shot noise.
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(a) and (b) show differential resitance of AP2 and AP1 state.
Bias dependence of noise power St is shown for (a) AP2 state
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FIG. 8. (color online)Differential resistance and noise in a

single barrier MTJ. (a) and (b) show differential resistance
for P and AP state at two temperatures. Bias dependence of
noise power Sy at different temperatures is measured for (c)P
state and (d)AP state. Fano factor does not show obvious
temperatures and field dependence in single barrier MTJ.

APPENDIX C: SINGLE BARRIER MTJ

Noise was measured in single-barrier MTJ sample with
nearly 300% TMR. Results are shown in Fig. The
differential resistance for P and AP state are shown in

Fig.[8] (a) and (b). (c) and (d) show the bias dependence
of noise power at two temperatures. The Fano factor
does not show an obvious temperature or magnetic state
dependence in single-barrier MTJ case.

APPENDIX D: VOLTAGE DEPENDENCE

The voltage dependence of resistance could be more in-
formative especially for studying the spin transport prop-
erty. Figure [J] shows the voltage dependence of differen-
tial resistance for AP2 and AP1 states at three typical
temperatures.

APPENDIX E: CALIBRATION OF AMPLIFIER

The current noise power measured by AU1447 is
Rsam €
(Rsa;nplepjﬁso)z
sistance of sample and Sy is the current noise of sample.
When Rsqmpie is much larger than the 50 € impedance,
the current noise measured will approach the current
noise of sample. In this work, current noise of sample

R. 50)2
%Smeasrued to get ac-

Smeasured = S], where Rsample is the re-

is calculated by S; =

Rsample
curate Fano factor even though Rgqmpie is much larger

than 50.

The effective gain of amplifier is calibrated by a signal
generator (Agilent 33521A) at three temperatures (296
K, 78 K, 20 K) below 3 MHz. A standard sine wave
current excitation (I = 10pA) is applied to the junction.

The the voltage measured should be V' = % X
I x 50 x Gain, where Gain is the effective gain of the
amplifier. Effective gain is calibrated by this way. Not
only DBMTJs but also different resistors (200 £2, 500 €2,
1 kQ and 10 kQ) and SBMTJs are used as samples to
complete this calibration. The effective gain does not
change with temperature and Rgqmpie below 3 MHz for
all samples.
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FIG. 9. (color online)(a) and (b) show voltage dependence of
differential resistance for AP2 and AP1 state at three typical
temperatures.
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