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Thermal Effects in Spin-Torque Switching of Perpendicular Magnetic Tunnel
Junctions at Cryogenic Temperatures
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Temperature plays an important role in spin-torque switching of magnetic tunnel junctions, causing
magnetization fluctuations that decrease the switching voltage but also introduce switching errors. Here
we present a systematic study of the temperature dependence of the spin-torque-switching probability
of state-of-the-art perpendicular-magnetic-tunnel-junction nanopillars (40—60 nm in diameter) from room
temperature down to 4 K, sampling up to a million switching events. The junction temperature at the
switching voltage—obtained from the thermally assisted spin-torque-switching model—saturates at tem-
peratures below about 75 K, showing that junction heating is significant below this temperature and that
spin-torque switching remains highly stochastic down to 4 K. A model of heat flow in a nanopillar junction
shows this effect is associated with the reduced thermal conductivity and heat capacity of the metals in the

junction.
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I. INTRODUCTION

Spintronic devices based on spin-transfer torques [1,2]
have attracted a great deal of interest in recent years
due to their nonvolatility, energy efficiency, small foot-
prints, fast operation, and high reliability [3—6]. Perpen-
dicularly magnetized magnetic tunnel junctions (pMTJs)
are currently the most-promising and most-extensively-
studied spin-transfer-torque devices for commercialization
because of their high switching efficiency and scaling
properties [7,8]. Although the commercial operating tem-
peratures are between —40 and 150°C, pMTJs have also
been recently explored for use as memory elements for
a cryogenic computer operating at approximately 4 K
[9—11]. Interest in these devices is associated with the need
for a high-density low-temperature memory that can be
tightly integrated with superconducting logic [12].

It is generally thought that decreasing the device tem-
perature, while increasing the switching voltage, will lead
to more-reliable switching. This is because thermal fluctu-
ations introduce randomness in the switching process that
produces write errors and read disturbs. These are char-
acterized by a thermal-activation model for spin-torque
switching that is also often used to assess key device met-
rics, including the switching efficiency [13], the ratio of
the energy barrier to magnetization reversal to the spin-
torque-switching threshold. While studies of devices at and
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above room temperature are quite common, there are rel-
atively few studies investigating magnetic devices over a
broad range of temperatures down to 4 K, the temperature
relevant for applications in superconducting electronics.
Spin-torque oscillators have been studied at low temper-
atures [14,15], as has spin-torque switching in all-metallic
spin-valve nanopillars [16,17] and the quasistatic response
of MgO-based magnetic tunnel junctions [9,18]. High-
speed switching (with nanosecond pulses) of magnetic
tunnel junctions has also been explored at low tempera-
ture [10,11]. However, there have been no studies that we
are aware of that explore the switching probability with
longer-duration pulses with millions of events at 4 K. The
longer pulse durations allow the sample to reach thermal
equilibrium and hence analysis of the data with a thermally
assisted spin-torque-switching model [19].

In this article, we use the thermally activated spin-
transfer-torque-switching model [20-23] to determine the
effective switching temperature 7.s—the sample tempera-
ture at the switching voltage—and the voltage switching
threshold from room temperature down to 4 K. Two differ-
ent methods are used, one based on measurements of the
read disturb rate (RDR) and the other on the measurements
of the switching voltage versus pulse duration. These are
applied to 40- to 60-nm-diameter pMTJs with relatively-
low-resistance products (RA &~ 3 Q um?), junctions that
exhibit low energy (less than 300 fJ per switch), and fast
(subnanosecond) switching at 4 K as reported in Ref. [10].
We find that the switching temperature 7.¢ versus bath
temperature saturates below about 75 K. Our findings show
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that spin-torque switching remains stochastic at cryogenic
temperatures.

II. MAGNETIC TUNNEL JUNCTIONS

We investigate magnetic tunnel junctions with a
composite CojgFessByg (denoted CoFeB) free layer
(FL), CoFeB(1.5 nm)/W(0.3 nm)/CoFeB(0.8 nm), and a
CoFeB(0.9 nm) reference layer (RL) separated by a 1-
nm-thick MgO tunnel barrier. The W layer adds perpen-
dicular magnetic anisotropy and acts as a boron getter
during junction annealing. In contrast to room-temperature
devices, the FL has only one MgO interface instead of two
[24,25], as large perpendicular anisotropy is not needed
for low-temperature applications. The RL is coupled to
a synthetic antiferromagnet (SAF), which is composed of
two Pt/Co multilayers that are antiferromagnetically cou-
pled through a 0.8-nm-thick Ru layer. The layer stack
CuN(10nm)/SAF(9.8 nm)/RL/MgO/FL (see the inset in
Fig. 1) is deposited at room temperature and annealed for
25 min at 400°C. Electron-beam lithography and Art-
ion-beam milling are then used to fabricate 40-, 50-, and
60-nm-diameter circular nanopillars.

We first characterize the pMTJ devices by measuring
their resistance as a function of applied dc bias voltage
at various temperatures between 4 and 295 K. The bias
voltage is applied with use of a data-acquisition board
(National Instruments PCle-6353), which simultaneously
measures the voltage drop across the tunnel junction and
a resistor in series with the junction. The voltage drop
across the resistor is used to determine the current flow
through the junction. The measurements are performed in
a cryogenic probe station where the sample stage can be
heated up to 150 K. The room-temperature measurements
are performed while the cryostat cold head is turned off.

Figure 1 shows the junction resistance versus bias volt-
age and voltage-induced switching of a 40-nm pMT]J
device at different temperatures in zero applied field. While
the resistance in the parallel state Rp (lower-resistance
branch in Fig. 1) is almost independent of temperature
and bias voltage, the resistance in the antiparallel state
Rap (upper branch) shows a strong temperature and bias
dependence. This can be attributed to inelastic tunneling
processes [26—28]. In the antiparallel state inelastic pro-
cesses open additional conduction pathways as the bias is
increased, leading to this characteristic inverted-V broken-
linear response [29]. Figure 1 also shows that the switching
voltages V. ap and V,.p decrease with increasing temper-
ature. The asymmetry of the switching voltages is likely
associated with the fringe fields coming from the SAF
structure. For this pMTJ we find a bias field of 56 mT
at 4 K extracted from field-hysteresis loops that favors
the parallel state, lowering V. ap. Our observations are
similar to those of earlier studies [9,11]. It is also inter-
esting to note that the pMTJ always switches close to the
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FIG. 1. Quasistatic voltage-induced switching of a 40-nm

pMT] at several temperatures and zero field. The tunneling mag-
netoresistance ratio around zero applied voltage increases by
almost a factor of 2 from 124% at room temperature to 220%
at 4 K. The inset shows a schematic of the studied junctions with
a CoFeB/W/CoFeB composite free layer.

same resistance values, R &~ 5849 Q for the antiparallel-
to-parallel transition and R =~ 2530 2 for the parallel-to-
antiparallel transition. The same behavior is observed in
50- and 60-nm-diameter devices.

ITI. RESULTS AND ANALYSIS

The switching probability is measured and ana-
lyzed with the thermally activated spin-transfer-torque-
switching model to determine the effective switching tem-
perature and threshold voltages Vo [20-23]. Two methods
are used: (i) determination of the switching voltage versus
the pulse duration at fixed switching probability and (ii)
measurement of the read disturb rate (P, < 1) for fixed
pulse duration. Both methods have been shown to give
reliable estimates of the ratio of the energy barrier to the
temperature in magnetic-tunnel-junction devices [19].

In the switching-voltage-versus-pulse-duration method,
the device is set in a known state with a reset pulse and
then a switching pulse is applied. The state of the pMT]J is
measured after the switching pulse, with the junction read-
out done at a low voltage bias of less than 15 mV, much
less than the switching voltage. For each set of pulse con-
ditions, we study 100 events to determine the switching
probability as the number of switching events divided by
the total number of events. Figure 2(a) shows the switch-
ing probability Pg, versus the pulse amplitude for pulse
durations t varied over many orders of magnitude, 50 us
to 100 ms. The results shown in Fig. 2(a) are taken at
a temperature of 4 K in zero applied field on the same
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(a) Switching probability (Psy) versus pulsed voltage ramps with various pulse durations of a 40-nm-diameter pMT]J at

Tvatn = 4 K and zero field. Each point is an average of 100 switching trials. (b) Switching probability in the low-voltage (read-disturb)
limit as a function of voltage-pulse amplitudes for the same device at various temperatures. The pulse duration for this measurement
is fixed at 10 us. The straight lines represent the fits to the data using Eq. (3) described in the main text. The empty data points at 10°
events stand for no errors and are therefore excluded from the fit. The dashed dark-gray lines in (a),(b) indicate the behavior expected
for a device temperature of 4 K. AP refers to the antiparallel magnetization junction state and P to the parallel magnetization state.

40-nm pMTJ as in Fig. 1. See Sec. 1 in Supplemental
Material [30] for the experimental results for the 50- and
60-nm devices.

The thermal-activation model relates the switching volt-
age at fixed switching probability Pg,, = 1 — 1/e =~ 0.63 to
the switching temperature Ty and Vo [19]:

v, - Lm(Z
w — Vel ———n| — 5
s 0 A 7

A = Ep/kpTer,

(1)
)

where E}, is the energy barrier to magnetization reversal,
79 1s the attempt time (approximately 1 ns [16,31]), and A
is the thermal stability factor, the ratio of the energy bar-
rier to the effective switching temperature. The resulting
V.o and A values, obtained by our plotting V, versus the
logarithm of the pulse duration, are shown in Figs. 3(a)
and 3(b), respectively.

In the RDR method the same experimental procedure is
applied but lower-amplitude write pulses are used, pulses
for which the switching probability is very small, Pg,, < 1.
We fix the pulse duration T = 10 us and apply up to one
million pulses. This again is done as a function of tempera-
ture in zero applied field. The resulting probability data are

fit to [19]
v
InP, = In (1> A (1 — —)
Ty Veo

to determine V¢ and A. The fits are shown as straight lines
in Fig. 2(b). The hollow data points represent zero errors
in 10° switching attempts and are excluded from the fits.
The resulting values for V.o and A obtained by the RDR

)

method can also be found in Figs. 3(a) and 3(b), respec-
tively. V.o and 1/A obtained by both methods agree very
well [see Figs. 3(a) and 3(b)]. This is expected, as both
methods are derived from the same model for thermally
activated spin-transfer-torque switching [20-23].

We first discuss and analyze the V. results. V., begins
to saturate at temperatures less than about 150 K, where
Veoax is 366 and —314 mV and then decreases at room
temperature to 215 and —248 mV for the antiparallel-to-
parallel transition and the parallel-to-antiparallel transi-
tion, respectively [Fig. 3(a)]. We also observe that the tem-
perature dependence is slightly bigger for the antiparallel-
to-parallel transition than for the parallel-to-antiparallel
transition, which is consistent with the data in Fig. 1. The
increased asymmetry of the switching voltages might be
related to the fringe field of the reference layer playing a
bigger role as the coercive fields of the free layer decrease
with increasing temperature [32].

In a macrospin model the intrinsic switching voltage for
both switching directions is given by [33]

2e {1+ P?
Vip = 00—
° “h( P )

woMHy otV
Gp

“)

for a symmetric junction, a junction in which the materi-
als on both sides of the tunnel barrier have the same spin
polarization. Here « is the damping parameter, e is the ele-
mentary charge, & is the reduced Planck’s constant, g is
the permeability of free space, M, is the saturation mag-
netization, Hy e is the effective perpendicular anisotropy,
V is the volume of the free layer, Gp is the conductance
of the parallel state, and P is the spin polarization, which
can be determined from the tunneling magnetoresistance
m, = 2P?/(1 — P?) [34]. Even in spin-torque switching
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FIG. 3. (a) Intrinsic switching voltage V.o, (b) thermal stabil-
ity factor A, and (c) effective sample temperature T from the
pulsed voltage ramps and RDR measurements at various tem-
peratures between 4 and 295 K. The dashed gray and dotted
black lines represent the expected behavior for the macrospin
(MS) model and the domain-wall (DW) model based on mate-
rial parameters extracted from VSM and FMR measurements,
as discussed in the main text. AP refers to the antiparallel mag-
netization junction state and P to the parallel magnetization
state.

that occurs by nucleation and reversed domain expansion,
micromagnetic modeling shows that Eq. (4) accurately
characterizes the switching threshold [35-37].

To check the correspondence with the expectations of
the macrospin model, the variations in free-layer mate-
rial parameters with temperature are needed. We thus
measure the magnetic properties of the layer stacks by
vibrating-sample magnetometry (VSM) and ferromagnetic
resonance spectroscopy (FMR) in a field-perpendicular
geometry in the temperature range from 4 to 295 K. (See
Sec. 2 in Supplemental Material [30] for the results.) VSM
hysteresis loops of the free layer are used to determine
its magnetic moment. The resulting magnetic moment
per area unit, Mt, where ¢ is the free layer thickness,
for different temperatures can be found in Table I; the
values decrease from 1.51 to 1.23 x 1073 A as the
temperature increases, similar to but with a stronger
dependence on temperature than results for dual MgO

parameter o from the FMR linewidth versus frequency to
be approximately 0.016 in the whole temperature range.
The expectations of the macrospin model for V. [dashed
gray lines in Fig. 3(a)] fit the experimentally obtained data
very well for Ty, < 150 K. The origin of the deviation
at 295 K is not entirely clear, but again may be due to
the fringe field of the reference layer [32], which is not
considered in the macrospin model.

We now analyze the results shown in Fig. 3(b), which
shows the inverse of the thermal stability factor versus
bath temperature. As seen from the definition in Eq. (2),
1/A is proportional to the temperature and, therefore, if
the effective switching temperature were equal to the bath
temperature, 1/A would have a zero intercept at zero
temperature. This is clearly not the case; 1/A is nearly
independent of temperature below 75 K. We thus conclude
that the effective switching temperature is higher than the
bath temperature by at least this amount at 4 K.

To be more quantitative we use the FL material parame-
ters and the sample geometry to estimate the energy barrier
to reversal as a function of temperature. In the macrospin
approximation the energy barrier is given by [13]

Epms = KerV, (5)

where Koy = poMoHy /2 is the effective perpendicular
anisotropy. Thus, the energy barrier and V. are dependent
on the same temperature-dependent material parameters,
notably, M; and Hy ¢q. The results in Table I are used to plot
the macrospin energy barrier as a function of temperature
as the dashed-dotted line in Fig. 3(b).
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It is clear that the macrospin model underestimates 1/A
[Fig. 3(b)] for both switching directions, therefore yielding
a clear overestimation of A compared with the experimen-
tally obtained values. This is not surprising as the FL is of
a size range where we expect the thermally activated rever-
sal to be domain wall mediated. Chavez-O’Flynn et al. [41]
estimated the critical diameter above which the reversal is
by domain-wall motion as d, = (16/7)+/4/Keg =~ 10 nm
at 4 K, which is much less than the diameter of the FL. In
this limit the energy barrier is given by [41]

Eb,DW = 4v AexKeﬁdt: (6)

where d is the diameter of the nanopillar. The corre-
sponding 1/A values are shown by the dotted black lines
in Fig. 3(b) and, as expected, are larger than those of
the macrospin model. The domain-wall model thus gives
values of 1/A that are closer to but still less than the
experimental results.

We use the domain-wall model to estimate the effective
device switching temperature. First, following common
practice, we define A as the average value for the antiparal-
lel and parallel states; that is, A = (Aap—p + Ap_ap)/2.
We find that the domain-wall model describes the data
trend at 150 and 295 K well, but still overestimates the val-
ues from the measurements below 150 K. Assuming this
overestimate is associated with heating, we extract Tes as
a function of the cryostat temperature, Tpa¢h.

The results are shown in Fig. 3(c), with the dotted
black line showing Tefr = Thath. Tefr 1S sSimilar for both the
switching-voltage-measurement method and read-disturb-
rate-measurement method. Below 150 K, T, begins to
saturate and becomes independent of the bath temperature.
At Tpam of 4 K, we find a difference between the device
temperature and cryostat temperature of AT~ 118 K
compared with only 14 K at room temperature in the RDR
measurements. The same quantities are 92 K at 4 K and
16 K at 295 K in the switching-voltage method versus the
pulse-duration method. The current-induced Joule heating
we find at room temperature is consistent with the estimate
of AT of 2-4 K/mW pum? from Joule heating Vipphed /RA,
where RA is the junction’s resistance-area product from
Refs. [42,43].

While the temperature rise found at room temperature
is also consistent with three-dimensional finite-element
simulations (COMSOL Multiphysics) of similar magnetic-
tunnel-junction stacks with a composite FL at comparable
current densities and RA values [44], the saturation of
Tq toward lower temperatures cannot be easily explained.
To gain further understanding of our experimental find-
ings, we perform COMSOL Multiphysics simulations of
40-nm-diameter pMTJ devices at various bath tempera-
tures down to 4 K. The simulations investigate the steady-
state response of the device since the applied microsecond
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FIG. 4. comsoL Multiphysics simulation results. (a) Cross-
section profile of the thermal map for the simulated 40-nm-
diameter pMT]J stack at Tpun = 4 K stressed with 0.3 V and a
device resistance of 2.55 k2. (b) Free-layer temperature Tpp at
various bath temperatures between 4 and 300 K. The dotted black
line represents the expected behavior if no heating were to occur.
BE, bottom electrode; CP, capping layer and hard mask; TE, top
electrode.

pulses are well beyond the timescales for thermaliza-
tion. We find that thermal equilibration is reached on the
order of nanoseconds, which is also consistent with ear-
lier studies [44,45]. Figure 4(a) shows the temperature
distribution at the cross section of our simulated pMT]J
device at Tpan = 4 K. The simulated stack consists of a
bottom electrode, three effective tunnel-junction layers, a
SAF, an MgO tunnel barrier and FL, a contact plug (cap-
ping layer and hard mask), and an adhesion layer with
the adjacent top electrode. As expected, the MgO barrier
layer is the hottest section of the pillar due to its orders-
of-magnitude lower electrical conductivity compared with
the other materials in the stack (315 S/m compared with
10%-107 S/m for the metal layers). The average tempera-
ture we calculate in the free layer at Ty, = 4 K is 43 K,
which is very close to the maximum temperature in the
stack.

Figure 4(b) shows the simulated temperatures in the
free layer Ty for bath temperatures up to 300 K. We
find that our simulation follows the same behavior we
observe in our experimental results [Fig. 3(c)]. At 300 K
we find a small temperature rise AT of around 9 K and
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it stays close to constant down to 100 K. Below 100 K,
we observe significant deviations of Typ from the bath
temperature [dotted black line in Fig. 4(b)], with AT show-
ing the biggest increase at 4 K (AT =39 K). We find
that this behavior can be attributed to the fact that the
device resistance at the switching point is close to indepen-
dent of the bath temperature, but the thermal conductivity
and heat capacity of our layers decrease with tempera-
ture [46,47], especially at temperatures below 100 K. We
associate the smaller increase in temperature in our simula-
tions compared with the experiment to the idealizations in
our model, such as no thermal contact resistance between
the layers and encapsulation layers, and use of mate-
rial properties associated with magnetic elements instead
of alloys. See Sec. 3 in Supplemental Material [30] for
a more-detailed description of the simplified stack, the
temperature-dependent electrical and thermal conductivity,
and the heat capacity of the layers used in our simulation.

IV. CONCLUSION

Our results show that spin-torque switching of pMTIJs
remains highly probabilistic down to cryogenic tempera-
tures. We associate this with heating of the junction above
the bath temperature. Heating becomes more significant as
the temperature is reduced as the switching voltage and
junction resistance at the switching threshold are nearly
independent of temperature but the heat capacity and ther-
mal conductivity of the materials in the junction decrease
with decreasing temperature. A further central result of this
study is that the switching probability can be described
by an effective temperature that becomes independent of
the bath temperature at low temperatures. These results are
important for furthering our understanding the role of tem-
perature in spin-torque-switching dynamics of pMTJs and
their applications as cryogenic memory.
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