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We present all-electrical operation of a Fe,Cr;_,-based Curie switch at room temperature. More specif-
ically, we study the current-induced thermally driven transition from ferromagnetic to antiferromagnetic
Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect coupling in a Fe/Cr/Fe,; ;Crgy5/Cr/Fe multilayer.
Magnetometry measurements at different temperatures show that the transition from the ferromagnetic
to the antiferromagnetic coupling at zero field is observed at approximately 325 K. Analytical modeling
confirms that the observed temperature-dependent transition from indirect ferromagnetic to indirect anti-
ferromagnetic interlayer exchange coupling originates from the modification of the effective interlayer
exchange constant through the ferromagnetic-to-paramagnetic transition in the Fe,;5Crgy s spacer with
minor contributions from the thermally driven variations of the magnetization and magnetic anisotropy
of the Fe layers. Room-temperature current-in-plane magnetotransport measurements on the patterned
Fe/Cr/Fe,; sCrg5/Cr/Fe strips show the transition from the “low-resistance” parallel to the “high-
resistance” antiparallel remanent magnetization configuration, upon increased probing current density.
Quantitative comparison of the switching fields, obtained by magnetometry and magnetotransport, con-
firms that the Joule heating is the main mechanism responsible for the observed current-induced resistive

switching.
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I. INTRODUCTION

Rapidly growing miniaturization demands in spintron-
ics rely on the design and implementation of composite
magnetic components, sensitive to various external control
parameters (e.g., electrical current, magnetic field, temper-
ature, pressure, etc.) [1-3]. These components are consid-
ered as building blocks of emerging multifunctional spin-
tronic devices with magnetoresistive readout, i.e., mag-
netic sensors, magnetoresistive memories (MRAMs), and
spin-torque nano-oscillators (STNOs) [4—6].

Retrospectively, interlayer exchange coupling (IEC)
was the basic phenomenon leading to the discovery of
giant magnetoresistance (GMR) [7,8] and its subsequent
industrial adoption in hard-drive read heads, that kick
started the field of spintronics. This effect allows coupling
between the constituent magnetic layers in magnetic mul-
tilayer stacks via conduction electrons of the nonmagnetic
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metallic spacers [9] through the so-called Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction [10—12]. The
sign and the magnitude of this interaction, namely, whether
ferromagnetic or antiferromagnetic arrangement of the
magnetic layers is favored, and the strength of the cou-
pling, depend on various intrinsic parameters: the con-
stituent materials, magnetic and spacer layers’ thicknesses,
the quality of the interface between the layers, etc. [13].
Naturally, once the multilayer sample is fabricated, on-
demand tuning of the RKKY coupling, which is desirable
to cover diverse application directions of coupled magnetic
multilayers, is not straightforward. Varying the tempera-
ture of the multilayer allows for a manipulation of the
IEC strength, being presumably the only reasonable extrin-
sic parameter for tuning the RKKY interaction [13]. One
of the alternative ways is using a specific spacer mate-
rial with the Curie temperature in a vicinity of the room
temperature. In such spacers, the thermally induced tran-
sition from ferromagnetic to paramagnetic state alters the
effective spacer thickness leading to a modification of
the IEC.

© 2023 American Physical Society
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Fe,Cr,_, binary alloys are widely known diluted fer-
romagnets, which exhibit a temperature-dependent mag-
netic order-disorder phase transition with the Curie tem-
peratures dependent on the alloy composition [14,15].
Recently, these compounds were successfully integrated
into the so-called Curie switches—the magnetic multi-
layers with thermally controlled IEC. More specifically,
in Fe/Fe Cr|_,/Fe-based multilayers, the transition from
ferromagneticlike to antiferromagneticlike RKKY cou-
pling through the Fe,Cr;_, spacer can be finely controlled
by varying either the temperature or the composition
of the Fe,Cr;_, spacer [16]. Moreover using compos-
ite Cr/Fe Cr;_,/Cr spacers with optimized thicknesses of
the Cr layers was shown to sufficiently improve the ther-
mally controlled switching of indirect IEC [16] enabling
its potential application in magnetic refrigeration [17] or
thermal gating of spin waves [18].

Here, we present a study of the thermally controlled
switching of the indirect IEC in Fe/Cr/Fe ; sCrs, 5/Cr/Fe-
based Curie switch. First, we use temperature-dependent
vibrating sample magnetometry (VSM) measurements to
demonstrate the transition from the ferromagneticlike to
the antiferromagneticlike RKKY coupling at remanence
upon crossing the Curie temperature of the Fe;75Crgy s
spacer. Analytical modeling, based on the magnetic energy
minimization, confirms that the origin of the observed tran-
sition is the temperature dependence of the IEC constant
with minor contributions from thermally related varia-
tions of the magnetization and magnetic anisotropy. For
given composition of the Fe;75Crgy s spacer, the transi-
tion temperature was estimated to be approximately 325
K, allowing for the current-driven switching of the IEC
at room temperature via Joule heating. Finally, current-
in-plane magnetotransport measurements on the patterned
Fe/Cr/Fe,; sCrsy5/Cr/Fe spin valves confirm the current-
induced reversible control of the IEC at remanence and
demonstrate the magnetoresistive switching between the
“low-resistance” parallel and “high resistance” antiparallel
states at zero field.

II. CONCEPT OF THERMALLY INDUCED
RESISTANCE SWITCHING

Figure 1 shows the schematics of the spin-dependent
scattering of the electrons flowing through the Fe/Cr/Fe,
Cr;—_,/Cr/Fe multilayer below the Curie temperature [T <
Tec, Fig. 1(a)] and above the Curie temperature [T > T¢,
Fig. 1(b)]. As described in detail in Ref. [16], in such
structures, the IEC is temperature dependent, since it is
defined by the magnetic state of the Fe,Cr;_, spacer. More
specifically, for T < T¢, the Fe,Cr;_, is ferromagnetically
ordered allowing for the indirect ferromagnetic coupling
to the adjacent Fe layers. This enforces parallel (P) ori-
entation of all magnetic layers of the trilayer. For this
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FIG. 1. Schematics of the current-perpendicular-to-plane spin-
dependent electron transport through the FM/N/F*/N/FM multi-
layer with thermally controlled indirect IEC through the compos-
ite N/F*/N spacer. Here, FM = Fe, F* = Fe,Cr;_, and N = Cr.
Red arrows denote the magnetization directions in the FM layers.
Green arrow in (a) shows the magnetization of the F* layer. Black
arrows show the flow of the spin-polarized electrons through
the multilayer. (a) Below the Curie temperature the spacer F*
is ferromagnetic, therefore imposing a ferromagneticlike RKKY
coupling between the FM layers. Reduced scattering of the elec-
trons with the spin parallel to the FM magnetization results in
the “low-resistance” state of the multilayer. (b) Above the Curie
temperature the spacer is paramagnetic (P), which leads to the
antiferromagneticlike indirect IEC. The multilayer is therefore in
the “high-resistance” state due to the enhanced scattering of the
electrons in both spin-dependent channels.

configuration, according to the resistor model of the mag-
netotransport through the spin valve [19], a low-resistance
state of the structure is expected due to the reduced scat-
tering of the electrons with the spin polarization parallel to
the magnetic moments of the constituent magnetic layers
[see Fig. 1(a)]. Upon increasing temperature, the Fe,Cr;_,
spacer undergoes the second-order magnetic phase transi-
tion in the vicinity of T¢, and becomes paramagnetic for
T > Tc. At zero magnetic field, an antiferromagneticlike
indirect RKKY coupling between the Fe layers is therefore
expected. Thus, the antiparralel (AP) orientation of the
Fe layers magnetic moments leads to the high-resistance
state, as now the electrons with both spin-polarization
directions scatter significantly when flowing through the
spin valve. One has to note that the described concept is
equally valid for both current-perpendicular-to-plane and
current-in-plane transport geometries.

This approach allows for a magnetic field-free ther-
mally controlled magnetotransport through the Fe,Cr;_,-
based multilayers with the possibility to address the resis-
tance state of the structure by controlling its interlayer
magnetic coupling. In this work, we propose to take
advantage of current-induced Joule heating as the effec-
tive extrinsic means of controlling the temperature of the
sample.
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ITII. SAMPLES AND EXPERIMENTAL DETAILS

The Fe(2)/Cr(0.4)/Fe,; sCrs»5(0.9) /Cr(0.4) /Fe(2)
multilayers (thicknesses are given in nm) were grown on
Art pre-etched undoped (100)Si substrates by dc mag-
netron sputtering (by AJA International). The Fe;75Crg s
layers were deposited using co-sputtering from separate Fe
and Cr targets.

The temperature-dependent vibrating sample magne-
tometry (VSM) measurements were performed in the
Quantum Design Magnetic Properties Measurement Sys-
tem (MPMS3) using a superconducting quantum interfer-
ence device (SQUID). For all measurements, the magnetic
field was applied in the sample plane.

For the magnetotransport measurements, the full-sheet
films were patterned into 300-pm-long strips with var-
ious widths (9, 7, and 4 wm), using conventional UV
lithography followed by the reactive Ar" ion etch-
ing. To allow for the electrical access to the strips,

Cr(5 nm)/Au(125 nm) contact pads were fabricated by a
standard process including UV lithography, metal deposi-
tion by e-beam evaporation and lift off. Two-point magne-
toresistance measurements were carried out in a standard
magnetotransport setup by probing the voltage drop across
the sample as a function of the magnetic field at constant
dc current passed through the strip.

IV. RESULTS AND DISCUSSION

A. Temperature-dependent VSM measurements

To verify the temperature-induced transition from fer-
romagneticlike to antiferromagneticlike IEC at zero mag-
netic field, we have measured the in-plane magnetic hys-
teresis loops of the full-sheet Fe/Cr/Fe;;sCrgs5/Cr/Fe
multilayer at different temperatures ranging from 200
to 400 K. Figure 2(a) shows the remanent magnetic
moment m, normalized by the saturated moment m; of
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(a) Normalized remanent magnetic moment of the Fe/Cr/Fe,; ;Crgy5/Cr/Fe multilayer as a function of increasing (red

squares) and decreasing (blue circles) temperature. The inset shows the saturation magnetization M, versus temperature. (b)—(e) Gray
circles: magnetic hysteresis loops measured at 200 (b), 250 (c), 295 (d), and 360 K (e). Red lines: analytical fits to the experimental
data for given sets of the temperature-dependent interlayer coupling constants (see Sec. IV B for details). The shape of the magnetic
hysteresis and the magnetic moment value at remanence clearly indicates ferromagneticlike coupling below Curie temperature and
antiferromagneticlike coupling above Curie temperature at zero field. (f) Bilinear and biquadratic IEC constants .J; and J; as a function

of temperature extracted from the analytical hysteresis loops.
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the multilayer as a function of the temperature 7. For
each temperature point, the full hysteresis loop was mea-
sured starting from the saturation at high field (uoH ~
2 T), and the corresponding remanent magnetization m,
is extracted at zero field after reducing the field from
the positive saturation. Upon increasing temperature, a
gradual decrease of the m, is observed first, followed
by the drastic reduction to zero for 7 > 325 K. The
observed m,(T) dependence indicates a qualitative tran-
sition between different magnetic states of the multi-
layer. Notably, no temperature-dependent hysteresis was
detected, i.e., the m,(T) curve measured when heating the
sample [red squares in Fig. 2(a)] is equivalent to the one
recorded upon cooling [blue diamonds in Fig. 2(b)].

To get more insight onto the magnetic configuration at
various T values, we examined the hysteresis loops mea-
sured at T = 200, 250, 295, and 360 K. The corresponding
loops are shown in Figs. 2(b)}-2(d). At T=200 K [see
Fig. 2(b)], the magnetic hysteresis loop exhibits a shape,
typical for the ferromagnetically coupled systems, with a
distinct magnetization switching at |poH.| =~ 25 mT. This
coercive field is mainly related to the magnetocrystalline
anisotropy of the Fe layers [20] and a possible presence
of the pinning sites at the interfaces due to the poly-
crystalline nature of the sputtered films. Upon increasing
the temperature, the shape of the hysteresis is modified
mainly in the vicinity of the switching field range, devel-
oping a well-defined “plateau” with the close-to-zero value
of the magnetic moment. This plateau indicates the field
range where the antiferromagneticlike coupling between
the Fe layers can be stabilized at a given temperature,
overcoming the effects of anisotropy and pinning. The
onset temperature, where the plateau is first detected,
is approximately 240 K. The width of the observed
plateau gradually increases with increasing temperature
[see the hysteresis loops in Figs. 2(c)—2(e)]. The observed
qualitative modification of the hysteresis is attributed to
the temperature-dependent ferromagnetic-to-paramagnetic
transition in the Fe|7 5Crg; 5 spacer, which effectively alters
the IEC between Fe layers from the ferromagneticlike to
the antiferromagneticlike. Therefore, the decrease of the
remanent magnetic moment with increasing temperature
[Fig. 2(a)] originates from the zero-moment plateau widen-
ing due to the dominating antiferromagneticlike coupling
in the trilayer above the Curie temperature 7, which is
estimated to be approximately 325 K. For T > T¢, the anti-
ferromagnetic interlayer coupling can be stabilized at zero
field [see the hysteresis loop at 360 K in Fig. 2(e)].

The VSM measurements show that the saturation mag-
netization of the multilayer changes scarsely in the given
temperature range [see inset in Fig. 2(a)]. Thus, the
observed transition from the ferromagnetic to the antiferro-
magnetic coupling can be mainly attributed to the thermal
variation of the effective IEC due to the ferromagnetic-to-
paramagnetic transition in the Fe,; 5Crg; 5 spacer.

B. Analytical modeling of the temperature-dependent
IEC

To compare the strength of the IEC for different tem-
peratures, we conducted an analytical modeling of the
temperature-dependent magnetic hysteresis loops using a
macrospin model similar to previously presented in Ref.
[21, Eq. 2—5] and Ref. [22, Eq. 1-3]. Qualitatively, the IEC
between two magnetic layers separated by a spacer can be
described using the following relation [9, pp. 99—100]:

E g MM (Ml 'M2>2 (1)
RKKY = —J1 —J2 .
MslMs2 MslMSZ

Here, J; and J, are the so-called bilinear and biquadratic
coupling constants, M; and M, are the magnetizations of
the constituent layers, and M, My, are the correspond-
ing saturation magnetizations. The first term in Eq. (1)
represents the indirect exchange interaction between the
layers through the conduction electrons. The second term
is included to account for the structural inhomogeneities
of the real sample (such as interface roughness, etc.) or the
finite temperature, as often required to correctly describe
real experimental results [9, p. 119].

The total magnetic energy per unit area, including Zee-
man energy, uniaxial anisotropy energy, and bilinear and
biquadratic RKKY coupling contributions, can be written
as follows:

€t = Y di [—My,puoH cos(¢y) — Ky, cos”(e; — ¢1)]
i=1,2

— Ji cos(¢1 — ¢2) — J2 cos*(¢1 — ¢n), 2)

where d; are the thicknesses of the magnetic layers, M,
are the corresponding saturation magnetizations, g is the
vacuum permeability, H is the magnitude of the applied
magnetic field, ¢; are the angles between the magneti-
zations and the applied field direction, K,, are uniaxial
magnetocrystalline anisotropy energies per unit volume
and o; are the angles between the anisotopy axes and the
applied field direction. In our case both Fe layers have the
same thickness, therefore we assume that d; = d, = d and
Ms‘l = M\‘Z == Ms

Minimizing the total energy by solving de/d¢; = 0 for
different values of the applied field H allows for a deter-
mination of the equilibrium angles ¢;,, for all possible
magnetic configurations states from AP coupled to satu-
ration. Hence, the normalized magnetization M (H)/M; as
a function of the applied field can be expressed as

MH) 1

M 3 (cos $1.q + cOs qbzeq) , 3)

with Gieg = fH,J, ), K, a;) being the equilibrium
angles for given values of applied magnetic field A and
fitting parameters Ji, J», Ky, ;.
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We calculate the hysteresis loops by fitting Eq. (3) to
the experimental data obtained by magnetometry. For each
temperature value (except 360, 380, and 400 K), we use
Ky, =K, =28 kI/m’, @) = /5, ap = —7/10, and the
M; values, extracted from the VSM [see inset in Fig. 2(a)].
For T = 360, 380, and 400 K, lower K,, values were used
(27, 26, and 24 kJ/m?, respectively) to account for the
temperature-induced softening of the magnetocrystalline
anisotropy. In addition, to ensure better fit, small devia-
tions (< 15 deg) of the angles «; were introduced during
the total energy minimization. To mimic the thermally
induced modification of the IEC, different values of J;
and J, were used to calculate the hysteresis at correspond-
ing temperatures [red lines in Figs. 2(b)—2(e)]. Figure 2(f)
shows the values of J; and J;, extracted form the analytical
modelling of the the experimental data by energy mini-
mization for the given values of M;, K,,;,, and ¢;. One can
see that at 7= 200 K, J; ~ 0, which corresponds to the
dominant ferromagnetic-like IEC in the trilayer due to the
indirect coupling through the ferromagnetic Fe;75Crgy s
spacer. Upon increasing temperature, the absolute value
of J; gradually increases reaching J; &~ —100 wJ/m? for
the temperatures above T¢, while J, exhibits only a small
decrease. This behavior can be understood from the phe-
nomenology of the coupling constants J; and J,. The type
and strength of the interlayer coupling is mainly defined by
the sign and magnitude of the bilinear coupling constant J;
[9]. Increased absolute values of J; at increased tempera-
tures indicate the transition from the ferromagneticlike IEC
below T¢ (when the Fej75Crgy 5 spacer is still ferromag-
netic) to the dominant indirect antiferromagneticlike IEC
through the paramagnetic Fe,7 5Crg, 5 spacer above T¢. On
the other hand, the biquadratic coupling constant ./, is phe-
nomenologically introduced to account for the effects of
the physical interface between the FM layers (e.g., rough-
ness, grain distribution, etc.) [9]. Its weak dependence on
the temperature suggests that the quality of the interface
between the Fe layers is not significantly impacted by the
phase transition in the Fe 75Crg, 5 spacer due to the pres-
ence of the additional Cr layers at both Fe/Fe,;;Crss
interfaces. One has to note, that relatively large values
of J, suggest that the zero-field magnetic configuration
below T¢ is not purely ferromagnetically aligned but rather
canted, which is in agreement with relatively low values of
the measured remanent magnetization (approximately 0.7)
at low temperatures.

One has to comment that we were unable to obtain per-
fect fitting of the experimental hysteresis data with our
model. The discrepancies mainly arise due to the model
simplifications assuming only one interface between the
FM layers, whereas in a real sample, and especially for
T < T¢, two Fe/Fe,;sCrsy s interfaces have to be con-
sidered with two sets of IEC constants. Nevertheless, a
good agreement between the experimental and analytical
data suggests that the temperature dependence of J; is

the dominant factor contributing to the decrease of the
remanent magnetic moment and, therefore, to the ther-
mally driven transition from the ferromagneticlike to the
antiferromagneticlike IEC at zero field.

We note that in addition to the pure RKKY-like IEC,
a possible presence of the “loose spins” [23] in the
Fe175Crgy 5 spacer may contribute to the bilinear IEC con-
stant J; and especially to the biquadratic constant J,.
Although our measurements do not allow disentanglement
of the two contributions, we argue that due to the pres-
ence of nonmagnetic pure-Cr layers at the Fe/Fe,; 5Crgs s
interface, the main path for IEC is the indirect RKKY
via conduction electron-mediated exchange. Second-order
effects, including “loose spins,” are possible in paramag-
netic Fe 75Crgy 5, which may alter the RKKY coupling
strength in the AP state. Therefore, above T¢, the RKKY
coupling may be weakened by the spin-flip scattering of
the spin-polarized conduction electrons (carrying RKKY
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FIG. 3. (a) Typical magnetoresistance loops measured on the
7-wm-wide strip for H || I3 and for the different values of the
bias current injected into the device. The loops are offset by
0.4 %. Arrows serve to guide the resistance change during the
field sweeps. (b) Zero-field magnetoresistance values versus dc
current /g, extracted from the MR(H) loops measured on the
strips with different widths.
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via the spacer) on the “paramagnetic Fe impurities” in
Cr, which are interpreted as “loose spins.” However, a
weak J, dependence on the temperature suggests a minor
contribution of the “loose spins” to the IEC.

C. Magnetotransport measurements

Figure 3(a) shows the magnetoresistance (MR) loops
measured at room temperature (approximately 294 K) on
a 300-pum-long and 7-pm-wide strip for the magnetic field
H parallel to the probing current /4. applied along the bar
length. For this geometry, the measured resistance change
is mainly attributed to the GMR effect in the RKKY-
coupled Fe/Cr/Fe,; sCrsy 5/Cr/Fe spin valve with minor
contribution from the anisotropic magnetoresistance of Fe.

For relatively low /4. = 1 mA (top green loop), the MR
dependence versus applied field follows the magnetic hys-
teresis of Fig. 2(d) measured at 295 K. The shape of the
MR loop reveals two distinct plateaus where the MR is
maximum. These plateaus correspond to the field regions
of the close-to-zero magnetic moment, where the anti-
ferromagneticlike RKKY coupling dominates. The corre-
sponding P-to-AP and AP-to-P switching fields are 10
and 40 mT, respectively, in good agreement with the
magnetometry data of Fig. 2(c).

Upon increasing bias current injected through the tri-
layer, the width of the high-resistance plateau increases
as a result of the shift of the switching fields of the P-
to-AP and AP-to-P transitions. More specifically, when
the field is reduced from the saturation, we observe the
reduction of the P-to-AP switching field and the corre-
sponding AP-to-P switching field growth, for increased
values of the dc current [see the MR loops for the corre-
sponding /4. values in Fig. 3(a)]. Eventually, the P-to-AP
switching field approaches zero for the critical dc cur-
rent Ic = 5.4 mA, and becomes positive for the above-
critical currents. This leads to the gradual increase of the
zero-field MR as indicated by the MR loops measured
for Iy, = 4.2, 5.6, and 6.8 mA. The observed current-
induced transition is attributed to the Joule heating of the
Fe/Cr/Fe,; sCrg5/Cr/Fe spin valve acting similar to the
conventional heating effects described in Sec. IV A.

Figure 3(b) shows the zero-field magnetoresistance
value extracted from the magnetotransport loops at dif-
ferent values of the dc current and for different widths
of the spin valves. Notably, the critical current increase
for the increased strip width is attributed to the geomet-
ric resistance effects, thus confirming that the origin of
the P-to-AP transition is the current-induced Joule heat-
ing. Figure 4(a) shows the normalized remanent magnetic
moment versus temperature (red circles) superposed onto
the inverse normalized zero-field magnetoresistance of the
7-pm strip versus squared current density (blue squares)
taken from Fig. 3(b). An excellent correlation of these
dependencies suggests that the current-driven transition

from “low-resistance” P state to the “high-resistance” AP
state at room temperature originates from the transition
from the ferromagneticlike to the antiferromagneticlike
RKKY coupling between the Fe layers occurring for high
currents and, hence, for the increased temperature of the
spin valve. Fitting both dependencies by a sigmoidal func-
tion allows one to estimate the current-induced Joule heat-
ing of the spin-valve device. The corresponding 7(j4.)
dependence extracted from the data of Fig. 4(a) is shown in
Fig. 4(b) as green circles, and fitted by a parabolic relation
T = Ty + const ><j012c (black line), where Ty =294 K is
room temperature. From Figs. 4(a) and 4(b), one can esti-
mate the critical current density j. = 1.39 x 10'' A/m?,
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FIG. 4. (a) Remanent magnetic moment versus temperature

(red circles) superimposed onto the inverted zero-field magne-
toresistance versus current density (blue squares) for the 7-pm-
wide strip. Both quantities are scaled to [0;1] range for better
visualization. (b) Temperature versus current-density depen-
dence (green circles) extracted from the data of (a). Black solid
line is the fit to the parabolic Tj 4 const x jZ equation, where T,
is room temperature. The horizontal blue and red lines mark the
room temperature and the Curie temperature of the Fe;75Crgy 5
spacer, respectively.
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which corresponds to the Joule heating of the sample to
the Curie temperature of approximately 324 K.

These results enable a precise control of the magnetic
state of such a spin valve at room temperature and zero
magnetic field by the Joule heating allowing for the resis-
tive P-to-AP switching by solely injecting moderate dc
currents through the spin valve. One has to note that the
fine engineering of the Fe,Cr;_, material parameters, i.e.,
optimization of the switching fields and the Curie tem-
perature, allows for an on-demand precise tuning of the
operation temperature ranges and, therefore, the current
densities needed for the resistive switching of the designed
Fe/Cr/Fe Cr_,/Cr/Fe spin valves.

On the other hand, the scaling of the Curie-switch-based
devices down to the submicron size allows not only for the
reduction of the switching current density but is expected
to considerably decrease the switching time. For exam-
ple, the characteristic time needed to heat a thermally
assisted MRAM cell above the blocking temperature is
few ns [24], whereas typical times for the nanoscale phase
change memory devices (also based on heating and cooling
processes) are shown to be below 10 ns [25].

From the application point of view, finely controllable
IEC in magnetic multilayers brings benefits for emerg-
ing spintronic devices due to the potential facilitation
of the magnetization switching process in magnetoresis-
tive memory cells [26,27]. Indeed, such a Curie switch
embedded into MRAM nanopillar allows for electrically
controlled change of the fringing field from maximum (P
state) to close-to-zero (AP state), which may potentially
act as a “write head” for toggling a free layer in MRAM
and other devices where modulation of a local field is
needed.

Another interesting application of Curie switches is a
thermal control of the ferromagnetic and antiferromag-
netic magnon modes, which mediate the coupling between
the ferromagnetic layers through the phase transition in
an antiferromagnetic (AF) spacer of F/AF/F trilayers [18].
Recently, a current-induced resistive switching in F/AF/F
trilayers was shown [28] with the switching current den-
sities comparable to the observed in the present study
(approximately 10'!" A/m?), making both approaches suit-
able for further optimization.

Finally, the proposed electrically tunable Curie switches
may be employed as composite free layers in spin-torque
oscillators introducing an extra room for dynamical tun-
ing. In such STNO, the dc current is expected to not only
shift the rf generation frequency due to the nonisochronous
property of a STNO, but also change qualitatively the
mode character (from “opticlike” to “acousticlike” accom-
panied by the corresponding frequency jump) due to the
modified coupling between the constituent magnetic lay-
ers. Therefore, such electrically controlled interlayer cou-
pling through the phase transition in the Fe;; 5Crg, 5 spacer
at room temperature allows for the dual-band STNO based

on a single magnetic stack with current-induced switching
between the two frequency bands.

V. CONCLUSIONS

We demonstrated all-electrical operation of the Fe,
Cri_y-based Curie switch at room temperature. More
specifically, we showed a current-induced thermally driven
transition from ferromagnetic to antiferromagnetic RKKY
coupling in Fe/Cr/Fe,; sCrg5/Cr/Fe multilayers. Using
temperature-dependent magnetometry measurements, we
determined that the transition from the ferromagnetic to
the antiferromagnetic coupling at zero field occurs at
approximately 325 K. Subsequently, we showed that the
thermally driven effects may be stimulated by means
of Joule heating upon injecting a dc current into the
Fe/Cr/Fe;5Crgy5/Cr/Fe microstrip. Magnetotransport
measurements confirm the current-induced reversible con-
trol of the IEC and demonstrate the magnetoresistive
switching between the “low-resistance” P and ‘“high-
resistance” AP states at zero field. As suggested by the
analytical calculations, based on the energy minimization,
the observed transition mainly originates from the temper-
ature dependence of the exchange constant J;. Fine control
over the IEC in magnetic multilayers is expected to facil-
itate the magnetization switching process in magnetore-
sistive memory cells, as well as introduce an extra room
for thermally controlled dynamical tuning of spin-torque
nano-oscillators.
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