Realization of the Meminductor
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ABSTRACT The meminductor was proposed to be a fundamental circuit
memdevice parallel with the memristor, linking magnetic flux and current. However,
a clear material model or experimental realization of a meminductor has been

meminductor

challenging. Here we demonstrate pinched hysteretic magnetic flux—current signals

at room temperature based on the spin Hall magnetoresistance effect in several-

nanometer-thick thin films, exhibiting the nonvolatile memorizing property and

magnetic energy storage ability of the meminductor. Similar to the parameters of the

capacitor, resistor, and inductor, meminductance, Ly, is introduced to characterize
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the capability of the prepared meminductor. Our findings present an indispensable element of memdevices and open an avenue for nanoscale

meminductor design and manufacture, which might contribute to low-power electronic circuits, information storage, and artificial intelligence.
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here are four fundamental circuit vari-

ables, namely, electric current i, vol-

tage v, charge g, and magnetic flux ¢,
and three fundamental passive elements
are currently used to build electronic cir-
cuits: the capacitor connects voltage and
charge, the resistor connects voltage and
current, and the inductor connects mag-
netic flux and current. In 1971, Chua’ pro-
posed the memristor as the fourth element
to provide a functional relation between
magnetic flux and charge, establishing its
fundamental position in electronic circuits.
The memristor is a two-terminal device
whose voltage—current curve is a pinched
hysteresis with high and low resistance
states.> Also, the memristor remembers
the most recent resistance value when the
input current is turned off and until the
next time the input current is turned
on37> Soon afterward, the concept of the
memristor was expanded to illustrate mem-
ristive systems as a broad generalization.>®
In 2008, Strukov et al.” observed hysteretic
voltage—current loops when investigating
Pt/TiO,/Pt resistive switching devices. Al-
though magnetic signals are not applied
or measured, the resistive switching device
is considered a typical memristor due to its
pinched voltage—current curves for re-
membering the resistance® " Owing to
its nonvolatile memorizing ability, the mem-
ristor has a great potential in commercial
application as the coming generation of
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memories and digital circuits without
shrinking transistors, thus possibly chan-
ging the dominant principle of electronic
industry, i.e., Moore's law.'>"3

On the basis of symmetry, the notion of
memristive systems was extended to capa-
citive and inductive elements, namely, ca-
pacitors and inductors, whose properties
depend on the state and history of the
systems, called meminductors and memca-
pacitors (Figure 1a). All these elements ty-
pically show pinched hysteretic loops in the
two constitutive variables that define them.
The meminductor, defined by a state-de-
pendent relation between magnetic flux
and current, ¢ = Ly(p,)i, where Ly(p,i)
represents meminductance as a function
of magnetic flux ¢ and current i through
the device, should exhibit a pinched hyster-
esis loop in the magnetic flux—current
plane when subjected to a bipolar periodic
signal." Actually, the meminductor is not
new, but was a member of the periodic
table of elements published by Chua in
the 1980s.">'® It can remember its most
recent inductance value when the input
current is turned off and until the next
time the input current is turned on. In this
case, the meminductor is expected to play
an important role in low-power electronic
circuits because of its energy storage
capability."”

To fulfill the requirements above, we de-
sign a meminductor on the basis of the spin

* Address correspondence to
songcheng@mail.tsinghua.edu.cn.

Received for review May 15, 2014
and accepted September 26, 2014.

Published online Sep ber 26, 2014
10.1021/nn502655u

©2014 American Chemical Society

10043

WWwWw.acsnano.org



Figure 1. Schematics of the memory system and the SMR
effect. (a) Schematic of the memristor (left), meminductor
(middle), and memcapacitor (right). (b) High resistance state
in the SMR effect of the Pt/YIG bilayer. (c) Low resistance
state in the SMR effect of the Pt/YIG bilayer. (d) Schematic of
the sample layout.

Hall magnetoresistance (SMR) effect in a Pt film at-
tached to an insulating YsFesO,, (YIG) ferrimagnet.'®
The mechanism of the SMR effect can be understood as
follows: the flow of electrons / in the Pt layer deflects
upward and downward, ascribed to spin—orbit cou-
pling. When the magnetization of the YIG is perpendi-
cular (parallel) to the spin polarization s, the spin
current Jg is absorbed maximally (minimally) by the
magnetization as a spin Hall torque absorption, as
illustrated in Figure 1b and c."®?° The low absorption
means that the electrons arriving at the Pt/YIG inter-
face are largely reflected back into the Pt layer and
form an additional current driven by the spin—obit
coupling acting as the electromotive force, as a part of
the input current, thus resulting in a low resistance
state (Figure 1c).

RESULTS AND DISCUSSION

We have investigated the SMR effect for 3, 5, and
7 nm thick Pt films grown on YIG films. As expected,
the room-temperature hysteresis loop of the YIG in
Figure 2a exhibits its ferrimagnetic feature with a low
saturation field of ~5 mT. A schematic of the sample
layout is shown in Figure 1d. Corresponding magne-
toresistance curves at room temperature are presented
in Figure 2b, ¢, and d. Although the conductive elec-
trons in the Pt film cannot enter the magnetic insulator,
the resistance of the Pt film reflects the magnetization
direction of the YIG. The magenetoresistance curve
for the field ramping down from positive to nega-
tive cannot be separated clearly from its counterpart
with the field up-sweeping taking the small coercivity
(~0.3 mT) of the YIG into account. The most eminent
result here is that the high and low resistances are
observed at zero field and high field, respectively, with
an SMR ratio of ~1072%. The transition field coincides
with the saturation field of the hysteresis loop dis-
played in Figure 2a. These behaviors are quite char-
acteristic for the SMR effect.'® The magnetization of the
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Figure 2. Spin Hall magnetoresistance of Pt films grown on
YIG. (a) Hysteresis loop [moment (m)—field (uoH)] of a plain
YIG film. (b, ¢, and d) Magnetoresistance curves of the Pt
films with thicknesses of 3, 5, and 7 nm, respectively. All the
curves are measured at 300 K.

YIG manipulates the proportion of the driven part and
normal part in the channel current. Subsequently, the
decrease of the resistance is dominated by the increase
of the driven current reflected from the Pt/YIG inter-
face. Note that the magnitude of the SMR signal (the
difference between the high and low resistance states)
drops abruptly as the Pt film thickness is increased, i.e.,
0.45, 0.16, and 0.08 Q for 3, 5, and 7 nm thick Pt
samples, respectively. The SMR effect, reflecting the
dependence of the channel resistance on the magne-
tization, is expected to establish the relation between
magnetic flux and current, thus providing an approach
to realizing a meminductor.

Thus we present the designing process of the mem-
inductor. A sinusoidal current is input into the Hall bar
along the longitudinal direction. The current itself
generates a transverse static magnetic field in the
YIG, the direction of which is the same as the applied
magnetic field in the SMR experiments. If the peak
value of the input current is large enough, the gener-
ated static magnetic field will saturate the magnetiza-
tion of the YIG layer. In this way the current could
manipulate the resistance of the Pt channel directly
without external magnetic fields. Meanwhile, magnetic
energy is generated by the current and stored due to
the magnetization of YIG. We then take the 3 nm thick
Pt sample as an example. A periodic sinusoidal current
=800 sin(27t/T) (mA) is input for the generation of the
magnetic field, where t is the time during which the
current is input and T is the time used for recording a
hysteresis loop (917 s in our case), as displayed in the
upper panel of Figure 3a.

In our case, the Pt film can be regarded as an infinite
plane taking the channel width w of 50 um and the film
thickness of several nanometers into account. Thus,
the relation between magnetic field yoH and current /is
UoH = uol/2w. The peak value of the current is calcu-
lated to be ~800 mA for generation of the maximal
magnetic field of 10 mT. Subsequently, the SMR effect
performed in a magnetic field can be changed to the
resistance as a function of applied current. It should be
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Figure 3. Nonvolatile hysteretic magnetic flux—current
curves. (a) Time-dependent resistance difference AR for
the 3 nm thick Pt sample associated with the sinusoidal
input current / = 800 sin(2st/T) (mA), where T equals 917 s.
The bias magnetic field is set at 20 and 0 mT as the input
current decreases and increases, respectively. (b) Magnetic
flux ¢ generated by the input current / and the varied
current i of the 3, 5, and 7 nm thick Pt samples as a function
of time t. (¢, d, and e) Magnetic flux—current curves
obtained in 3, 5, and 7 nm thick Pt films, respectively.

noted that such a large current is only proposed to be
used in our proof-of-concept devices with a channel
width of 50 #um and is not fundamentally necessary for
typical nanoelectronics (e.g., 22 nm width). When the
in-plane dimensions of the device are on the nano-
scale, the input current / and the resistance R of the
device decrease abruptly. Subsequently, the thermal
effects estimated by °R are expected to be significantly
reduced. Meanwhile, the size effect and the dipolar
coupling between neighboring cells should not be the
obstacle for high-density integration of the present
device due to its working field being lower than 10 mT,
comparable to that of magnetoresistive random access
memory.?'

Given that the meminductor does not belong to the
four fundamental elements,'” the analytical process of
realizing a meminductor is expected to be more
complicated than that of the memristor.” To separate
the SMR signal, a transverse bias magnetic field is
applied as a function of the sinusoidal current: it stays
at a field larger than the field for the SMR measure-
ments when the current decreases (20 mT is selected
here), while it switches to zero as the current increases.
Alternatively, the function of the external magnetic
field can be implemented by a series circuit composed
of a capacitor and a diode (1C1D), which is in para-
llel with the meminductor (Pt/YIG). The diode deter-
mines ON/OFF states of the 1C1D subcircuit, where
the current shows a 90° phase difference from that
through the meminductor, guaranteeing ON and OFF
magnetic fields are applied to the meminductor, simi-
lar to the scenario in Figure 3a. Nevertheless, we still
use the external field below in the analytical process for
simplicity. In this scenario, the SMR effect in Figure 2b
can be repeated by time (t)-dependent longitudinal
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resistance difference AR by combining the sinusoidal
input current and transverse bias magnetic field, as
plotted in the bottom panel of Figure 3a, in which the
resistance difference (AR = R — Riow, Where Riow
represents the minimum resistance value) between
the high and low resistance is used to highlight the
variation and to remove the giant resistance back-
ground (~1313.9 Q).

The resistance difference (AR—t) associated with the
instantaneous current input (/—t) as a function of time
is then used to illustrate the magnetic flux—current
(¢—1i) curve of the meminductor. In our case, ¢ repre-
sents the flux of the magnetic field uoH through the
side face of the YIG layer, which is directly generated by
the input current /; that is, ¢ = uoHS = uolld/2w, where
I and w represent the length and width of the Pt Hall
bar and d represents the thickness of the YIG layer
(Figure 1d). Meanwhile, the current i is defined as the
varied current, besides the current background, which
is never manipulated by the spin—orbit coupling under
the magnetic field, reflecting the strength of the
current variation relevant to the Pt/YIG interface.
Hence, i is expressed by i = (R — Riow)/Ro, where [ is
the input current and Ry, and Ry parameters are the
minimum and maximum value of the resistance, e.g.,
1313.9 and 13144 Q for the 3 nm thick Pt sample,
respectively. Accordingly, the magnetic flux (¢p—t) and
the varied current (i—t) of the 3 nm thick Pt sample as a
function of time are obtained, as shown in the upper
panels of Figure 3b, which serve as the basis for the
magnetic flux—current curve. Obviously, the flux and
current curves cross each other at zero flux and zero
current.

As displayed in Figure 3¢, it is noteworthy that the
magnetic flux—current (p—i) curve is transversal
pinched at the origin, which constitutes the main
finding of our work. This feature ensures the present
SMR meminductor is a nonvolatile memory device
that retains its inductance even when the power is
interrupted.?>? If the current is turned off when it is
increasing, the meminductor presents a low inductance
state. Actually, a high-density, high-speed, and low-
power nonvolatile memory has been expected in the
semiconductor industry for a long time, which may lead
to computer systems that do not require a lengthy start-
up process when turned on.?* In the bottom panels of
Figure 3b, i—t curves of the 5 and 7 nm thick Pt samples
are displayed. Concomitant magnetic flux—current sig-
nals obtained in these Pt samples show the same
qualitative behavior as the 3 nm thick Pt sample, but
with a reduced overall magnitude (Figure 3d and e),
indicating the critical role of the nanoscale region close
to the YIG/Pt interface. The peak values of the current
signals are inversely proportional to the Pt film thick-
ness, suggesting that the capability of the meminduc-
tors is quite sensitive to their design parameters, which
will be discussed below.
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Figure 4. Frequency-dependent nonvolatile hysteretic
magnetic flux—current curves and volatile hysteretic mag-
netic flux—current curves. (a) Sketched /—AR curves of the
3 nm thick Pt sample for different frequencies w (w1 < w, <
w3 < w,4) of the input current, where o, is identical to the
field scanning frequency in our measurements, w, and ws
are on the scale of the spin-dependent scattering time
(~ns), and w4 approaches infinity as a limit. (b) Correspond-
ing magnetic flux—current curves for different frequencies.
(c) Relationship between the input current / and the long-
itudinal resistance difference AR of the 3 nm thick Pt film.
The bias magnetic field is set at 3 and —3 mT as the input
current decreases and increases, respectively. (d) Magnetic
flux—current curve obtained in the 3 nm thick Pt film in
accordance with (c).

The situation changes as the current frequency
increases dramatically. If the input current period is
quite short, comparable with the spin-dependent
scattering time (~ns),??° the electrons driven by
spin—orbit coupling in the Pt layer could not complete
a whole deflection process during such a short current
period, resulting in the remarkable change of the SMR
signals. In this scale, with the increase of the frequency
w, the resistance difference AR would be greatly
reduced (Figure 4a), and the corresponding hystere-
tic behavior of the magnetic flux—current curves
becomes less distinct (Figure 4b). Particularly, when
the frequency of the input current approaches infinity
as a limit, there is not enough time for any spin-
dependent scattering, and the present hysteretic mag-
netic flux—current curve shrinks into a single-valued
one. The meminductor degenerates into an ordinary
inductor.?

In addition to the nonvolatile magnetic flux—current
loops, we have explored their volatile counterparts by
applying different bias magnetic fields. For this model-
ing, the bias magnetic field is set to be 3 and —3 mT as
the input current decreases and increases, respectively.
This bias field leads to the horizontal separation of the
SMR curves in Figure 2b. A resultant /— AR curve for the
3 nm thick Pt sample is displayed in Figure 4c. Accord-
ingly, a concomitant magnetic flux—current curve in
Figure 4d exhibits a nontransversal pinched feature.
Remarkably, its inductance state depends on the sign
of magnetic flux ¢ and de/dt at the time before
the applied current is turned off. As they possess the
same sign, the device is in a low inductance state, and
vice versa. However, in this case it exhibits a volatile
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Figure 5. Calculation of memristance. (a) Magnetic
flux—current curve of the 3 nm thick Pt sample. The value
of L, is defined at the reciprocal of the tangent slope at the
origin. (b) Dependence of L, on the thickness of the Pt films.

behavior, contrary to the scenario of the transversal
pinched one. It is also found that this volatile case
can be achieved without a bias magnetic field. If the
YIG film has a sizable coercivity, such as 3 mT already
achieved in previous YIG films,'® the peak resistance
would deviate naturally from the / = 0 point. Subse-
quently, a volatile magnetic flux—current curve similar
to the one in Figure 4d could be obtained.

We now turn to the calibration of meminductance
Ly to characterize the capability of the prepared
meminductor with the mathematical relation ¢ = Ly,
which is significant not only for basic understanding
of the element but also for device application. Ob-
viously, the slope of the line connecting the origin and
the point on the magnetic flux—current curve corre-
sponds to the reciprocal of meminductance Ly, at each
point. Accordingly, Ly, is a magnetic flux- and current-
dependent variable, reflecting the essential feature of
the meminductor as a nonlinear dynamical circuit
element and the significant effect of magnetic flux
and current, which is in sharp contrast to the constant
parameters C, R, and L for the capacitor, resistor, and
inductor, but consistent with the charge- and current-
dependent memristance M for the memristor (unclear
yet).3 We note that it is inconvenient to use a compli-
cated variable to characterize the capability of a mem-
inductor, so the reciprocal of the slope of the tangent
line at the origin, referred to as Lo, is employed to
calibrate the memristance Ly, (Figure 5a). Ly equals 58,
79, and 113 nWb/A for the 3, 5, and 7 nm thick Pt
samples, respectively. To some extent L, scales pro-
portionally to the Pt film thickness with a certain in-
put current (Figure 5b), although the shape of the
magnetic flux—current loops and L, vary with the
amplitude and the frequency of the input current.?’
Therefore, the thickness of the Pt film plays a dominant
role on the parameter of the meminductor, including
the value of Ly and the functional relation between Ly,
and magnetic flux as well as current. Once a certain
value of Ly is provided for a fabricated meminductor,
the magnetic flux—current loops could be fixed when
applying this meminductor in electronic circuits.

CONCLUSIONS

Our results demonstrate a meminductor based on
the spin Hall magnetoresistance effect in the Pt/YIG bi-
layers, exactly described by the mathematical relation
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between magnetic flux and current, ¢ = Lyi. When the
meminductor is working, the input current magne-
tizes the YIG film and manipulates the magnitude of
the Pt resistance, forming pinched hysteretic mag-
netic flux—current loops. Thus, the meminductor
works as a typical nonvolatile memory that retains
its data even after the power is turned off, and
magnetic energy is stored due to the magnetization
of YIG, which might advance the development of

METHODS

SMR Device Preparation. The SMR effect was measured with
Pt Hall bars grown on YIG substrates. Pt films with a thickness of
3, 5, and 7 nm were deposited on highly insulating single-
crystalline (111) YIG films by magnetron sputtering at room
temperature. The thickness of the YIG films (d) is 4 um. The Pt
Hall bar with a width w of 50 um and a length / of 400 um was
made by standard lithographic techniques for transport
measurements.

SMR Measurements. The longitudinal resistance R of the Pt Hall
bars was measured by a four-point contact geometry with a
constant channel current / of 100 #A at 300 K when an in-plane
magnetic field H perpendicular to | was swept from 10 mT
to —10 mT and then back to 10 mT, using the Physical Property
Measurement System by Quantum Design in resistivity mode.
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