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Individual disk-shaped Co-Fe-B nanodots are driven into a superparamagnetic state by a spin-transfer
torque, and their time-dependent magnetoresistance fluctuations are measured as a function of current. A
thin layer of oxidation at the edges has a dramatic effect on the magnetization dynamics. A combination
of experimental results and atomistic spin simulations shows that pinning to oxide grains can reduce the
likelihood that fluctuations lead to reversal, and can even change the easy-axis direction. Exchange-bias
loop shifts and training effects are observed even at room temperature after brief exposure to small fields.
The results have implications for studies of core-shell nanoparticles and small magnetic tunnel junctions

and spin-torque oscillators.

DOI: 10.1103/PhysRevApplied.13.014063

I. INTRODUCTION

Superparamagnetism has been studied for many years
[1-3], but is still of great interest today [4]. Superparam-
agnetic particles are used in many biomedical applications
[5,6], mainly because the fluctuations minimize magneti-
cally driven aggregation. Programmable superparamagnets
could form the basis for a new type of probabilistic com-
puting using magnetic tunnel junctions (MTJs) [7-10].
Superparamagnetism is also relevant to spintronic applica-
tions such as magnetic random access memory (MRAM)
[11-13] and spin-torque oscillators (STOs) [14], where at
small diameters stochastic fluctuations are undesirable but
difficult to avoid.

Traditional superparamagnets are monodomain nanopar-
ticles that switch between two metastable states, with
an average retention time between switches that depends
on the temperature and magnetic field. For spintronics,
the superparamagnets are disc-shaped nanomagnets rather
than ellipsoidal particles. While they need not switch by
coherent rotation, the metastable ground states are still
monodomain. The average fluctuation rate in traditional
superparamagnets is controlled by temperature and mag-
netic field. When part of an electronic device, the fre-
quency of these stochastic fluctuations may also be tuned
by spin-transfer torque (STT) [14], spin-orbit torque, or
voltage control of magnetic anisotropy [15]. Here we
focus on Co-Fe-B superparamagnets that are most relevant
for spintronics applications. These thin (2.5-nm) Co-Fe-B
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nanodots 2080 nm in diameter form the free layer of
in-plane MTJs and have either parallel (P) or antiparallel
(AP) magnetization relative to an unpatterned fixed layer.
STT is used to drive the nanodots into a superparamagnetic
state, and the magnetoresistance fluctuations are analyzed
as a function of time, tunnel current, and dot diameter.
Our findings show that it is possible to tune the time-
averaged state from P to AP for any size, but that the
average time between switching events is very sensitive
to edge oxidation, which can lead to exchange-bias effects.

II. METHODS

A. Sample preparation

The superparamagnetic nanodots studied here are cir-
cular nanodots of Co-Fe-B 20-80 nm in diameter and
2.5 nm thick, separated by a 1-nm MgO tunnel barrier
from the unpatterned magnetic reference layer consisting
of a synthetic ferrimagnet with an antiferromagnetic Pt-Mn
pinning layer.

The original film stack is grown by Everspin Technolo-
gies [16], and consists of Si/Ta(50) /Pt-Mn(20)/Co-Fe(2)/
Ru(0.8)/Co-Fe(3)/MgO(1)/Co-Fe-B(2.5)/Ta(10) /Pt(5),
where the numbers in parentheses are thicknesses in
nanometers. The resistance-area product for this unpat-
terned film is 5.4 Q-um? [17]. This stack is coated with a
Ta layer for adhesion followed by Pt in order to maintain an
electrically conducting surface for conductive atomic force
microscopy (CAFM) measurements. To pattern the stack
into nanodots, a SiN, hard mask is first deposited and the
hydrogen silsesquioxane photoresist is spin coated. Arrays
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of circular dots with nominal diameters of 2080 nm are
written using electron beam lithography with an FEI Sirion
600 scanning electron microscope operating at 30 kV. To
minimize magnetostatic interactions, the distance between
adjacent dots is 250 nm. These features are transferred to
the stack by ion milling down to the MgO layer. The SiN,
layer is removed by CF4-based reactive ion etching in a
Plasma Therm 790.

Figures 1(a) and 1(b) show schematics of the film stack
before and after patterning. Figure 1(c) shows a scanning
electron microscopy (SEM) image of arrays of the circular
MT]J devices after patterning. The actual diameters of the
dots described here in detail are 25, 41, 60, and 80 nm, all
42 nm, but the text refers to the nominal diameters 20, 40,
60, and 80 nm, respectively.

Prior to patterning the top Co-Fe-B layer into nanodots,
magnetization curves are measured by alternating gradient
magnetometry. In-plane measurements are used to deter-
mine switching field of the reference layer (see Fig. Sl
within the Supplemental Material) [18] and out-of-plane
measurements are used to estimate the saturation field
of the free layer (see Fig. S2 within the Supplemental
Material) [18].

B. Conductive atomic force microscopy

An RHK UHV350 conductive atomic force microscope
with an R9 controller is used for transport measurements at
room temperature. CAFM measurements used a commer-
cial silicon-doped atomic force microscope tip (NanoAnd-
more USA) coated with a 5-nm Ta layer for adhesion
followed by 200 nm Pt. Further details about these mea-
surements have been reported previously [9,19,20].

Several types of measurements are conducted. Normal
force measurements are conducted to check the topogra-
phy of the patterned sample and to verify the pillar height
of 14 nm. For CAFM magnetoresistance measurements,
the tip is brought into contact with the top Pt layer of the
Co-Fe-B dot. Most of the field-dependent measurements
are made with the external field parallel to the axis of the
antiferromagnetic Pt-Mn pinning layer. The fixed layer is
initialized by applying an in-plane field of 0.4 T along the

Pt
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MgO
Co-Fe
Ru
Co-Fe
Ru
Co-Fe
Si/SiO,

(a) (b) ()

pinning direction using a permanent magnet. After remov-
ing the permanent magnet, an electromagnet is used to
generate a variable in-plane field of up to 500 G.

Measurements of the resistance as a function of mag-
netic field, R(H), showed a small loop shift of 2050 G,
and the parallel (P) state is always favored for H =0. The
origin of the P state preference may arise from orange peel
coupling [21-23], weak exchange coupling across MgO
barriers of up to 1 nm [24], and/or local strains [25]. An
external field is applied so that the local magnetic field
Hocq 1s close to zero, so that the data could be analyzed
in terms of purely voltage- or current-driven effects. R(V)
measurements are recorded by sweeping the bias at a rate
of 1.5 V/s while measuring the resistance. Positive bias
corresponds to electrons flowing from the tip into the sam-
ple. Time traces, R(f), of the resistance are measured with
Hiocal 0, at different currents or bias voltages. The data
acquisition rate is 100 MHz and the acquisition time is a
total of 26 ms at each bias. With a Red Pitaya interface for
rapid data acquisition, the effective RC time constant for
our system is found to be approximately 700 ns.

C. Atomistic magnetic simulations

Atomistic spin dynamics simulations [26] using the
VAMPIRE software package [27] are carried out to inves-
tigate magnetization reversal in circular Co-Fe-B disks 20,
40, 60, and 80 nm in diameter and 2.5 nm in thickness. A
detailed treatment including a polycrystalline oxide shell,
with more realistic surface and interface effects, is planned
for the future. Here we use a highly simplified model
in order to understand whether the reversal is coherent
rotation-like for the different sizes, and to determine the
effect of a high-anisotropy cobalt ferrite-like shell on the
average reversal field. In our model, Co-Fe-B is treated
as an average magnetic material with a body-centered
cubic lattice (lattice constant, @ =2.86 A), an atomic spin
moment of 1.6 up, exchange J; =7.735 x 107! J/link
and cubic anisotropy K =4.68 x 1072° J/atom [28,29].
The oxide shell is also simplified by modeling using the
same lattice that is used for Co-Fe-B but with an atomic
spin moment of approximately 0.57 up corresponding to

FIG. 1. The sample stack (a) before and (b)
after patterning to the MgO layer, with thick-
nesses given in nanometers. (c) SEM micrograph
of array of circular dots with different sizes. The
size of the scale bar is 1 um, and the num-
bers correspond to the nominal dot diameter in
nanometers.
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bulk M, of 4.55 x 10° A/m and cubic anisotropy K of
2.9 x 10° J/m, matching the values of CoFe,O4 [30].

Simulated hysteresis loops are conducted at both room
temperature and 0 K, including dipole-field effects using
the macrocell approach [31,32]. The system is initial-
ized in the [100] direction and a magnetic field is
applied in the same direction and incrementally swept
from a saturating positive field to a saturating nega-
tive field and back to the same starting positive field,
at a rate of 0.05 T/ns and with critical Gilbert damping
to give quasistatic hysteresis loops. Both the magneti-
zation and spin configuration are recorded at each field
increment.

III. RESULTS AND DISCUSSION

Figure 2 shows the resistance as a function of voltage
without and with a correction for a small magnetic stray
field. In both cases there is a region with telegraphing
between the P and AP states. At large positive bias there
is no telegraphing because the device is always in the AP
state; similarly, at large negative bias it is always in the
P state. Note that even with H iy, =0 the R(V) loop is
asymmetric. This is consistent with the asymmetry of STT
reversal in a magnetic tunnel junction with deterministic
switching [33].

Figure 3 shows how the resistance of the 60-nm dot
of Fig. 2 fluctuates over time for different currents, all
with Hioe =0. At —18 pA it is almost always in the P
state, while at +235 A it spends most of the time in the
AP state. Here positive current indicates that electrons are
flowing from the tip through the dot to the reference layer.
Raising the current increases the average retention time

FIG. 2. Resistance as a function of voltage
across the tunnel junction, for a 60-nm diameter
dot, measured with a ramp rate of 0.5 V/s. (a)
With an external field H =0 but a 14-Oe R(H)
loop shift due to the stray field. (b) After cance-
lation of the stray field. In the telegraphing region
the resistance fluctuates rapidly between the paral-
lel (P) and antiparallel (AP) resistance levels. The
dashed lines are guides to the eye.

in the AP state, consistent with STT-assisted reversal. In
some of the time traces there appear to be partial switch-
ing events. In larger elliptical spin-valve devices, evidence
has been seen for intermediate states, based on characteris-
tic resistance levels midway between the P and AP values
[34]. However, in our samples the magnitude of the inter-
mediate resistance varies randomly, and the intermediate
state is never stable longer than a microsecond. Most likely
the nanodot switches back and forth within this period, and
we are limited by the RC time constant of the electronics.
For our analysis, we identified a threshold beyond which
the dot is considered to be in either a P or AP state, and
then treated partial switches beyond the thresholds as full
switches.

The data of Fig. 3 are analyzed to determine the reten-
tion times 7p and Tap between switching events. For a
given trace, a histogram is made of the number of times
the resistance is stable in the P state for a time tp; over
2.6 ms. The characteristic retention time 7p is found from
fitting this data to an exponential function, excluding the
shortest times where the count rate is distorted by the
time constant of the capture electronics. Similar analysis
is done for the AP state. These results, along with the aver-
age retention time T = [t ' + 7,p]"!, are shown in Figs.
4(a) and 4(b).

For comparison of dots of different diameters, we esti-
mated the 50:50 point, defined as where the dot spends
equal time in the P and AP states. For the 60-nm dot of
Fig. 3 the estimated 50:50 point occurs near 100 uA. The
current density is roughly comparable for different dots at
the 50:50 point, and typical of the critical current density
for STT switching in stable MTJs. While many different
dots of each size are studied, the detailed characterization
focused on four dots in the same area, measured on the
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same day. Table I details the 50:50 point as a function of
dot diameter.

Size-dependent differences in magnetic relaxation are
quantified using the autocorrelation function (ACF) of the
time-dependent resistance at the 50:50 point, defined by

Y IR — R][R1+T - R]
Zl l[R R]

Here the time traces are digitized and the summation is
taken over lag times 7. Figure 4(c) shows the autocor-
relation functions for the different sizes. If a process is
Markovian, the ACF will have an exponential decay with
a characteristic relaxation time. This is observed for the
larger sizes, but curvature is noticeable in the 20-nm data.
The origin of the deviation is seen by comparing the dis-
tribution of retention times in the P and AP states. For the
20-nm dot tp and 7 p differ by a factor of 3, even though
the dot spends equal times in both states. Figure 4(b) shows
that the average retention time as a function of current
is sharply peaked. The difference between the P and AP

ACF =

(M

500

retention times could also indicate that the local field is not
precisely canceled. While the exact values are sensitive to
incompletely compensated stray fields (1-2 Oe), the trend
in the size dependence is clear: the smaller dots switch less
frequently.

In a superparamagnetic nanoparticle, smaller sizes are
expected to fluctuate more rapidly. Here the dots are desta-
bilized with the aid of STT, but at the 50:50 point the
differences in retention time between switching events
are associated with thermal fluctuations that can lead to
spontaneous switching. A possible origin of the enhanced
stability for small Co-Fe-B dots is exchange bias between
a thin oxide layer on the sidewalls and the metallic dot
interior. If so, then the current densities of Table I would
be underestimated, particularly for the smaller dot sizes.
In Fe or Co nanoparticles [35-38] and the sidewalls of
Co-Fe-B-based magnetic tunnel junctions [38], there is
a thin layer of oxide, which is polycrystalline and has
randomly oriented grains. Unfortunately, the shell thick-
ness could not be determined directly for these nanodots,
but in similar structures the thickness is estimated to be
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(a) Average retention times in the P and AP states as a function of tunnel current, for the 60-m dot of Fig. 3. Here the

relaxation times are normalized to 1 pus. (b) Average retention time 7 vs current for the same dot. (¢) Normalized autocorrelation

function for the different sizes at the approximate 50:50 point.
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TABLE L.

Size-dependent properties of the 50:50 point.

Nominal size (nm) Actual size (nm)

% time in P state

Average J (x 10° A/cm?) Average T (us)

20 25+2 50.3
40 41+£2 48.7
60 60+£2 52.0
80 802 47.5

5.35 13.7£3.5
5.74 19.8+£3.3
3.41 1.35+0.20
6.35 0.49+£0.03

approximately 2 nm [39], and for oxidized Fe nanoparti-
cles approximately 4 nm [40]. Just as ferromagnetic cobalt
ferrite has a much larger anisotropy than Co-Fe, the surface
oxide here, Co-Fe-B-O,, is likely to be ferrimagnetic and
of higher anisotropy than Co-Fe-B. Surface oxidation has
previously been reported to increase anisotropy and reduce
the switching field distribution for Co-Fe-B MTlJs [41].

To quantify exchange-bias effects, samples are typically
cooled in large (5 T) magnetic fields, and the shift in the
hysteresis loop is measured. Unfortunately, such experi-
ments are not feasible with our measurement technique,
but training effects are evident even at 300 K with mod-
est magnetic fields (500 G). Here training is achieved via
multiple measurements of asymmetric hysteresis loops, as
seen in Fig. 5. With a symmetric loop between +500 G,
this 40-nm pillar has switching fields at roughly —20 and
+80 G. After positive training (20 loops with 5 s per
loop) the coercivity is reduced to approximately 10 G and
switching occurs near 480 G. The same device has low
coercivity and switches near —20 G after negative train-
ing. Telegraphing is observed within 10 G of the switching
fields, but in the untrained case these fields are well sepa-
rated and the dot did not telegraph at H = 0. These training
effects relaxed within 1-5 min.

Some training effects are seen in individual dots of all
sizes, but the effects are much more pronounced for 40- and

2 = ]
=
=
£
5
3
= —Full
® —Negative
3 Positive
2 ! J
Z400 -200 0 200 400
Field (G)
FIG. 5. 40-nm pillar resistance as a function of magnetic field,

measured at 100-mV bias. Before training (blue), the full loop is
symmetric, with switches near —20 and +80 G. After 10 loops of
positive training (—125 to +500 G), the asymmetric loop shows
all the switching clustered around +80 G (yellow). After six
loops of negative training (—500 to +125 G), all the switching is
clustered around —20 G (red).

20-nm diameters. (See Fig. S3 within the Supplemental
Material [18].) In the smaller dots there are often clear and
repeatable jumps in the resistance, such as that in the upper
branch of Fig. 5, due to depinning. The smaller dots have
proportionately more switching at higher fields, indicating
a greater fraction of pinned magnetization, and consis-
tent with slower telegraphing. Two-level telegraphing is
observed for all sizes, indicating uniaxial behavior.

In nanoparticles with exchange bias, the surface oxide
is polycrystalline, and there are variations in the oxide
grain size and orientation. Sidewall oxidation in the nan-
odots is expected to be similar. To test this, R(H) loops are
measured after rotating the sample so that the applied mag-
netic field is perpendicular to the Pt-Mn pinning axis of the
fixed layer. (See Fig. S4 within the Supplemental Material
[18].) The 60- and 80-nm devices show typical hard-axis
behavior. Some of the smaller dots behave similarly, but
other cases have more of an easy-axis loop shape. Strong
exchange bias to oxide grains could therefore alter the easy
axis of the dot, creating a more complex energy landscape
for switching, and leading to variations for different dots.

Atomistic spin dynamics simulations are used to under-
stand the effects of surface oxide on dots of different
diameters. The accessible timescale of these simulations is
much shorter than that of the experimental measurements,
so that the magnetization does not follow a Langevin func-
tion. However, the relative coercivities should correlate
with the transition rate between the P and AP states. For
pristine (unoxidized) dots at 0 K, the coercivities are equal
to the anisotropy field, and therefore independent of size,
as shown in Fig. 6(a). At 300 K the coercivity of all the dots
without edge oxidation in Fig. 6(b) is significantly reduced
due to thermal spin fluctuations and a systematic trend is
also seen with a larger reduction for the smaller dot sizes.
The 20-nm dot shows an asymmetric hysteresis loop to due
to random thermal fluctuations during the simulation.

For the oxidized dots, the edge oxidation is assumed
to be quasipassivating, and therefore the same thickness
for all sizes. For the simulations the maximum plausible
shell thickness, 4 nm, and the maximum anisotropy, that
of CoFe,04, are assumed, and the shell is treated as a
single grain, although in reality the oxide is likely to be
polycrystalline. Figure 6(c) shows the simulated 0 K hys-
teresis loops. Now H, is largest for the 20-nm dot, since
it has the largest proportion of cobalt ferrite. For the dots
with edge oxidation at 300 K in Fig. 6(d) the coercivity
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T=300 K, (c) dots have a 4-nm thick cobalt ferrite shell, 7= 0 K, and (d) dots have a cobalt ferrite shell, 7= 300 K.

no longer shows a systematic size variation due either to
thermal fluctuations or to different oxide shell thicknesses.

For all but the smallest dot size the coercivity is larger
than in the case of no edge oxidation, demonstrating the
increase in thermal stability. For the 20-nm diameter dots
the effect of edge oxidation at elevated temperatures is less
clear due to large thermal fluctuations but suggests a small
increase in coercivity due to the shell. The simulations
may overestimate the magnetocrystalline anisotropy con-
tribution from the oxide shell, but they omit the effect of
pinning sites, which arise from the polycrystalline nature
of the oxide, and are sometimes detected through the
experimental jumps in magnetoresistance. In the simula-
tions the oxide shell completely reverses during hysteresis
due to its ferrimagnetic nature, while in reality the shell
is likely to include an irreversible component that could
significantly enhance the thermal stability of the smallest
dots.

Overall, the simulated coercivities of the unoxidized
dots are inconsistent with the relative stabilities found
experimentally, where the smaller dots are less thermally
stable. The reversal mechanism is always coherent for
in-plane dots, while thinner dots with an out-of-plane mag-
netization show a size-dependent transition from coherent
to incoherent reversal [28].

Figures 6(b) and show hysteresis loops at 300 K for
dots with and without a 4-nm oxide shell. Figure 7 shows
images of the spin configuration within the 20 and 60 dots,
taken at fields near the coercivity. The main effect of the
shell is to increase the field where reversal occurs. While
there are local fluctuations the magnetization is predomi-
nantly in-plane during reversal, for all of the sizes studied,
both with and without an oxide shell. At finite temperature,
fluctuations occur within the dot, especially near the edges,
and may lead to reversal. Exchange coupling between the
low-K interior and high-K shell suppresses the likelihood

014063-6
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that an edge fluctuation leads to reversal. Inhomogeneity in
K in different parts of the shell, which would be expected
for real nanodots, would also increase the time between
switching from P to AP states, and vice versa.

Since we do not observe a repeatable, metastable inter-
mediate resistance, the reversal from P to AP is still fast
with respect to our measurement time.

IV. CONCLUSIONS

We show that spin-transfer torque can drive individ-
ual magnetic nanodots into a superparamagnetic state. The
physical origin is similar to that for deterministic STT
switching of thermally stable nanomagnets, except that
instead of hysteresis, the current causes telegraph noise
in the metastable region. The current density determines
the equilibrium or time-averaged magnetization of the
superparamagnet, but not the retention time in a particular
state.

The magnetization dynamics are measured over a time
window extending from hundreds of nanoseconds to tens
of milliseconds, a shift to shorter times compared with pre-
vious studies of random telegraph noise [7,15,42—44]. In
a pristine state, smaller superparamagnetic particles will
switch more frequently, but this is not observed experimen-
tally for these nanodots. The deviation is due to exchange
bias due to a thin oxide layer at the edge of the nan-
odots. The time-averaged magnetization for a particular
dot diameter is determined by the current density through
the Co-Fe-B center. The relative stability of the dot, as
reflected by the average retention time between stochastic
switches, is dominated by the exchange coupling between
the Co-Fe-B center and the high-anisotropy oxide grains at
the edges.

We show that exchange-bias measurements can be made
on single nanomagnets, analogous to core-shell nanoparti-
cles. As with magnetization measurements on ensembles

FIG. 7. In-plane magnetization
components during reversal, at

20 nm 300 K. (a) 20-nm Co-Fe-B dot with
No shell no shell. (b) 60-nm dot with no
shell. (¢) 20-nm dot including a
4-nm-thick CoFe,Oy shell. (d) 60-
60 nm nm dot including a 4-nm shell.
No shell
20 nm
shell
60 nm
shell

of nanoparticles, single nanomagnet magnetoresistance
confirms that exchange bias enhances overall stability with
respect to thermal fluctuations. In addition, these measure-
ments reveal that nanomagnets are susceptible to training
effects even at high temperature and low magnetic field.
The ability to measure on a short timescale is key; just as
the coercivity of magnetic recording media is increased
by a short measurement time, so exchange-bias effects
are more pronounced when probed on a microsecond
timescale.

The findings are also relevant for devices with layered
nanomagnets such as MRAM and STOs. As such devices
get smaller and are more susceptible to thermal fluctua-
tions, variations in device-to-device performance increase.
This is often attributed to differences associated with litho-
graphic processing. Our results suggest that differences in
the sidewall passivation could also contribute. Previous
workers have shown that monodomain dots have a vari-
able incubation time prior to rapid (approximately 1.5 ns)
switching [45,46], and that the distribution of incubation
times is greater for smaller sizes. The delay is attributed
to the time needed to climb the energy barrier. A small
amount of edge oxidation, which increases the barrier
height, could also delay reversal. The phase noise of an
STO has been modeled using a macrospin for the mag-
netic moment of the nanodot, together with a Néel-Brown
model for stochastic fluctuations [47]. Our simulations
show that edge oxidation modifies the fluctuations by
effectively pinning the spins near the interface. Since the
actual edge oxidation can be inhomogeneous, this could be
a source of phase noise and its device-to-device variation.
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