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ABSTRACT
We have investigated the magnetotransport and noise properties of magnetic tunnel junctions incorporating a superparamagnetic free layer,
in a wide temperature range from 150 K to 400 K. Both 1/f noise and sensitivity reach the maximum near the blocking temperature of the
superparamagnetic transition. The smooth change of noise
around the blocking temperature is attributed to size distribution of nanoclusters
pﬃﬃﬃﬃﬃﬃ
comprising the free layer. The best detectability (40 nT= Hz at 1 Hz) is achieved at 350 K. In ferromagnetic and superparamagnetic states,
1/f noise follows different scaling relations with respect to sensitivity. The change of scaling law is explained by thermodynamics of the
nanoclusters.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5110715

For sensitive magnetic ﬁeld sensors with a small size and massproduction potential, a magnetic tunnel junction (MTJ) sensor is a
promising candidate, which has been shown to have picotesla detectability at room temperature.1–6 To reach better sensing detectability, it
is essential to study the intrinsic noise of MTJs. The intrinsic noise
may also give more information on defects and magnetic dynamics of
MTJs than simple transport measurements.7–9 Besides typical application in spintronics and magnetic recording, MTJ sensors can also be
used for biomedical and automotive applications, where lowfrequency signals are of interest. At low frequency, the 1/f noise of
MTJ dominates; yet, its mechanism is less understood. Two physical
origins of 1/f noise have been proposed: an electron trap-and-release
process due to defects in the tunnel barrier layer or at interfaces (electronic 1/f noise) and thermally excited hopping of magnetic domain
walls between metastable states (magnetic 1/f noise).9,10 It has been
found that the latter is dominant in the sensing region of MTJs9–11
and therefore sets the sensing limit of MTJ-based sensors.
One approach to reduce this magnetic 1/f noise, which originates
from a ferromagnetic electrode, is to switch to a superparamagnetic
electrode. Through the reduction of the layer thickness, the free layer
of MTJ breaks into magnetic clusters after thermal annealing.12
Formation of such nanoclusters is attributed to the three-dimensional
growth mode of Fe on MgO in the initial stage,13 as well as the presence of barrier steps on the MgO surface.14 As thermal ﬂuctuation is
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enough to overcome the anisotropy energy, magnetic moments in
these magnetic clusters undergo coherent rotation under an external
magnetic ﬁeld. Superparamagnetic MTJs are appealing due to the linear and hysteresis-free behavior.14–16 Also, negligible magnetic 1/f
noise has been observed in MTJs with thin superparamagnetic free
layers.17–19 This is attributed to the elimination of domain walls in the
superparamagnetic free layer. Nevertheless, these studies on superparamagnetic MTJs usually suffer from a lack of data, as the measurements are merely done with only a few samples of discrete free layer
thicknesses. Since superparamagnetism exhibits a strong temperature
dependence,14,19 it is more effective to study ferromagnetic-to-superparamagnetic transition by varying the measurement temperature
continuously. While the temperature dependence of transport properties of superparamagnetic MTJ has been reported,14 the temperature
effect of its intrinsic noise has not been revealed. In this work, we performed a more systematic analysis on the magnetotransport properties
and noise behavior across the transition from ferromagnetic to superparamagnetic free layers through continuous variation of the measurement temperature. We found that sensitivity and 1/f noise of
superparamagnetic MTJs show different dependences on the temperature and bias magnetic ﬁeld. This gives rise to an oscillatory
pﬃﬃﬃﬃﬃﬃ behavior
of the ﬁeld detectability, which goes as low as 40 nT= Hz at 1 Hz at
350 K. Moreover, different scaling relations between 1/f noise and sensitivity have been observed in ferromagnetic and superparamagnetic
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states. The transition of the scaling relation is explained by the thermodynamics of magnetic nanoparticles.
We fabricated our MTJ stacks according to the layer sequence
of Si substrate/SiO2/Ta(50)/Ru(300)/Ta(50)/Co50Fe30(30)/IrMn(180)/
Co50Fe30(30)/Ru(8.5)/Co40Fe40B20(tpin )/MgO(29)/Co40Fe40B20(tfree )/
Ta(100)/Ru(100), where the numbers in parentheses represent the
nominal thickness of each layer in angstroms. The stacks were then
patterned into MTJ sensors by using standard photolithography and
physical ion milling. Each MTJ sensor consists of 4 MTJs in series,
each of which has an oval shape of 15  120 lm2. Thermal annealing at 300  C under an external magnetic ﬁeld of 0.42 T was performed in the end of the fabrication. More details of MTJ fabrication
can be found in our previous work.6,20 The magnetotransport
properties at room temperature are measured on a probe station
equipped with a pair of calibrated electromagnets. For the temperature dependence study, a Quantum DesignV Physical Property
Measurement System (PPMS) is used to set temperature from 150 K
to 400 K, as well as the external magnetic ﬁeld from 7 T to 7 T. A
block diagram of the noise measurement system is shown in Fig.
1(a). A 3 V battery in series with a low-temperature-coefﬁcient resistor is used to apply bias voltage (0.5–1 V) on MTJ. The AC output of
MTJ is ampliﬁed by two preampliﬁers inside the PPMS sample
chamber and then further ampliﬁed at room temperature. A crosscorrelation method is used to cancel noise from the ampliﬁers.21
One additional DC ampliﬁer is used to read out the DC bias voltage
on MTJ. Resistance of the MTJ at a given temperature and magnetic
ﬁeld is also determined from the DC bias voltage and resistance of
the serial resistor. The noise measurement system is calibrated by
measuring thermal noise of various resistors at different
pﬃﬃﬃﬃﬃﬃ temperatures, and a negligible background noise of 3 nV= Hz is determined. One typical noise spectrum of an MTJ device is shown in
Fig. 1(b). In the whole frequency range (1 Hz–10 kHz), MTJ noise is
much larger than the background noise, which justiﬁes our noise
measurement results.
Figure 2(a) shows the tunneling magnetoresistance ratio (TMR)
of MTJ samples measured at room temperature, with different free
layer thicknesses tfree from 10 Å to 15 Å and tpin ¼ 30 Å. With decreasing tfree , the TMR value drops rapidly. Different offset magnetic ﬁelds
are also observed, which can be attributed to the changes in the interlayer coupling ﬁelds.14,16 The coercivity disappears after tfree drops
below a critical thickness around 12.5 Å, indicating a magnetic transition of the free layer from ferromagnetism to superparamagnetism.
For the rest of this paper, we choose tfree ¼ 12:5 Å and tpin ¼ 25 Å to
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FIG. 1. (a) Block diagram of the noise measurement setup. (b) One typical noise
spectrum of MTJ (measured at zero magnetic ﬁeld at 300 K) at a bias voltage of
0.7 V.
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FIG. 2. (a) Transfer curve of MTJs with different free layer thicknesses, measured
at room temperature. (b) Transfer curves of MTJ with a free layer thickness of
12:5 Å and temperatures from 150 K to 400 K. (c) Fitting of the transfer curve at
400 K with the Langevin function. The red line assumes that the nanocluster size
follows a lognormal distribution. (d) Magnetic cluster size distribution obtained from
the red line in (c). The effective diameter of the nanoclusters is computed under the
assumption that each nanoparticle is of cylindrical shape with a height of 12:5 Å.

reduce the offset magnetic ﬁeld. Figure 2(b) shows the transfer curve
from 150 K to 400 K. At 300 K and 350 K, hysteresis has already
dropped to minor values but can still be observed. To conﬁrm its
superparamagnetic state, we ﬁt the transfer curve at 400 K with the
equation deduced from magnetotunneling theory and the Langevin
equation of superparamagnetism,12,16


mðH  H0 Þ
RðH Þ ¼ C1 L
(1)
þ C2 ;
kB T
where T is the temperature, kB is Boltzmann’s constant, m is the magnetic moment of one magnetic cluster in the free layer, H0 is the offset
magnetic ﬁeld, and C1 and C2 are two ﬁtting constants. We assume
that the magnetic moment of the cluster is proportional to its size and
the nanocluster size follows a lognormal distribution.13 The resulting
red ﬁtting line, shown in Fig. 2(c), gives an excellent match with all the
data points. This implies that size variation of the nanoclusters is an
important factor. The obtained magnetic moment distribution is
shown in Fig. 2(d), with an average magnetic moment of
2:4  1015 emu. From the saturation magnetization of CoFeB
(1240 emu/cm3 ), we can estimate the average volume of nanoclusters
to be 2:0  1018 cm3 , or an effective diameter of 45 nm, much
smaller than the free-layer volume ( 5:9  1012 cm3 ) assuming a continuous free layer. Therefore, the free layer is a large number of superparamagnetic nanoclusters.
Besides magnetotransport properties, voltage noise of MTJ was
also measured as the magnetic ﬁeld was swept from 118 Oe to
88 Oe. The low-frequency noise of MTJ, shown in Fig. 3(a), has a
strong dependence on both the bias ﬁeld and temperature. In the saturation region, 1/f noise of MTJ increases monotonically with temperature, which can be understood from the enhanced thermal ﬂuctuation
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measurement temperatures. Combining the voltage noise (SV ) and the
sensitivity (s), we can determine the ﬁeld detectability (or ﬁeld noise)
as
 
T2
SV
(3)
¼ 2 2;
ST
Hz
V s

FIG. 3. (a) The map of voltage normalized noise at 1 Hz, (b) sensitivity map, and
(c) the map of ﬁeld detectability at 1 Hz. (d) Plot of normalized noise vs sensitivity
on a log-log scale.

of the defects. In the sensing region, the 1/f noise ﬁrst increases and
then decreases with temperature. If we compare the 1/f noise in the
sensing region, we can see that the 1/f noise is lower at high temperatures (superparamagnetic state) than that at low temperatures (ferromagnetic state). This implies that the MTJ in the superparamagnetic
state has lower magnetic 1/f noise. However, 1/f noise appears to
change rather smoothly near the blocking temperature, which is not
the boundary of a phase transition, but a manifestation of slowing
magnetic relaxation rate vs instrument’s measuring time. Such a
broadening effect can be understood from the size distribution of
nanoclusters.22 As temperature rises, more nanoclusters become
superparamagnetic and their magnetic 1/f noise is reduced. On the
other hand, the remaining ferromagnetic nanoclusters give larger magnetic 1/f noise due to the enhanced thermal-magnetic ﬂuctuation. The
competition between these two processes leads to a smooth change of
1/f noise with respect to temperature. It should be pointed out that the
broadening effect may also originate from dipole interaction between
nanoclusters.23,24 When temperature is around 400 K, the electronic
1/f noise becomes larger than the magnetic 1/f noise under any bias
ﬁeld, giving rise to bias ﬁeld-independent 1/f noise. Similar behavior
has been observed in previous work on superparamagnetic MTJs.17–19
Apart from the intrinsic noise, we can also calculate the sensitivity of MTJ through
s¼

1 dR
;
R dH

(2)

which gives the sensitivity map shown in Fig. 3(b). It should be noted
that the sensitivity based on this calculation may be overestimated due
to the ﬁnite coercivity, as found in previous work.5,6,19,25 At T < 350 K,
sensitivity shows a strong dependence on the bias ﬁeld, yet only
changes slightly with respect to temperature. At T > 350 K, sensitivity
of MTJ drops rapidly, as magnetic susceptibility of superparamagnetic
nanoclusters declines at higher temperatures. This is in contrast to 1/f
noise of MTJ, which shows a strong temperature dependence at all
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which is plotted in Fig. 3(c). Compared to voltage noise and sensitivity,
the ﬁeld detectability shows a more complex
pﬃﬃﬃﬃﬃﬃdependence on temperature. The best ﬁeld detectability (40 nT= Hz at 1 Hz) is obtained at
T ¼ 350 K, rather than T  300 K, where sensitivity is the largest, or T
 400 K, where noise is smaller.
To better understand this, the voltage normalized noise is plotted
against sensitivity at various temperatures, shown in Fig. 3(d).
Interestingly, the voltage normalized noise scales linearly with sensitivity at high temperature, yet quadratically with sensitivity at low temperature. From the theoretical model based on ﬂuctuation-dissipation
theorem, a linear relation between 1/f noise and sensitivity is expected
and has been experimentally observed.9,26 However, such a prediction
relies on thermodynamic equilibrium, which generally does not hold
for ferromagnetic systems. Indeed a quadratic relation has also been
observed in MTJs with a ferromagnetic free layer in previous
work.10,25,27,28 There have been no reports on the scaling relation in
superparamagnetic MTJs. Since the linear scaling relation is observed
only in the superparamagnetic state, we suspect that the nanoclusters
reach thermal equilibrium only when they become superparamagnetic.
The reason behind the quadratic scaling law for ferromagnetic systems
remains an open question. The scaling law relation is important for
MTJ performance. As can be seen from Eq. (3), if voltage noise scales
quadratically with sensitivity, ﬁeld detectability becomes constant and
does not improve as sensitivity increases. On the other hand, if voltage
noise scales linearly with sensitivity, ﬁeld detectability can be improved
through increasing sensitivity. Therefore, a linear relation between
voltage noise and sensitivity is desirable for optimal performance of
MTJ. In order to obtain such a linear relationship, the majority of
nanoclusters should become superparamagnetic. This means that the
temperature should be high enough so that nanoclusters of relatively
large size are superparamagnetic. However, such high temperatures
reduce the magnetic susceptibility of small nanoclusters, thus decreasing the sensitivity of MTJ. This can be observed from Figs. 3(b) and
3(d). When sensitivity is maximum (3%/Oe at T ¼ 300 K), voltage
noise scales quadratically with sensitivity, which results in poor ﬁeld
detectability. When voltage noise starts to scale linearly with sensitivity
(T ¼ 350 K), sensitivity is reduced to 1%/Oe, which limits further
improvement on ﬁeld detectability. If all the nanoclusters can be made
of the same size, the linear scaling relation between noise and sensitivity can be realized before sensitivity is largely reduced. Under such a
condition, MTJ could have high sensitivity as well as low 1/f noise.
Therefore, a more uniform size distribution of the nanoclusters would
be highly beneﬁcial for the performance of superparamagnetic MTJs.
In summary, we have fabricated MTJs with a superparamagnetic
free layer and measured its magnetotransport properties and noise
spectrum over a broad range of magnetic ﬁelds and temperatures.
From the transfer curve of MTJ at 400 K, we have obtained the size
distribution of magnetic nanoclusters, which compose the free layer of
MTJ. The size variation of nanoclusters is shown to be important in
order to understand the change in both noise and sensitivity with
respect to the bias magnetic ﬁeld and temperature. The best
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pﬃﬃﬃﬃﬃﬃ
detectability (40 nT= Hz at 1 Hz) is achieved at 350 K where the MTJ
becomes superparamagnetic. Moreover, a transition from the quadratic scaling relation to the linear scaling relation between voltage
normalized noise and sensitivity has been explored. These ﬁndings
shall provide guidelines to understanding fundamental physics of
superparamagnetic nanoclusters as well as to improving MTJ sensing
performance.
This work was supported by the King Abdullah University of
Science and Technology (KAUST) through the Sensor Initiative.
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