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Antiferromagnets (AFMs) have recently gathered a large amount of attention as a potential replacement
for ferromagnets (FMs) in spintronic devices due to their lack of stray magnetic fields, invisibility to
external magnetic probes, and faster magnetization dynamics. Their development into a practical
technology, however, has been hampered by the small number of materials where the antiferromagnetic
state can be both controlled and read out. We show that by relaxing the strict criterion on pure
antiferromagnetism, we can engineer an alternative class of magnetic materials that overcome these
limitations. This is accomplished by stabilizing a noncollinear magnetic phase in LaNiO3=La2=3Sr1=3MnO3

superlattices. This state can be continuously tuned between AFM and FM coupling through varying the
superlattice spacing, strain, applied magnetic field, or temperature. By using this alternative “knob” to tune
magnetic ordering, we take a nanoscale materials-by-design approach to engineering ferromagneticlike
controllability into antiferromagnetic synthetic magnetic structures. This approach can be used to trade-off
between the favorable and unfavorable properties of FMs and AFMs when designing realistic resistive
antiferromagnetic memories. We demonstrate a memory device in one such superlattice, where the
magnetic state of the noncollinear antiferromagnet is reversibly switched between different orientations
using a small magnetic field and read out in real time with anisotropic magnetoresistance measurements.
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I. INTRODUCTION

The field of spintronics uses the spin degree of freedom
of the electron to realize electronic devices with function-
alities not possible with just the charge degree of freedom.
The central unifying element in almost all spintronic
devices today is ferromagnetism (FM). In ferromagnetic
materials, magnetization serves as a method to store
information, as well as a mechanism to polarize electron
spin. Pioneering work has recently explored the use of
antiferromagnets (AFMs) as a replacement for ferromag-
netic materials in spintronics since they produce no stray
magnetic field and have faster magnetization dynamics
(terahertz instead of gigahertz) [1–9]. These features may
enable the development of smaller and faster spintronic
devices and magnetic memories, overcoming current limits
of scaling and speed for future spintronics applications.
The primary challenge to the realization of antiferro-

magnetic spintronics is the ability to both control and read
out the AFM state reliably. So far, only a few materials have
been discovered that demonstrate these properties

effectively. One successful example is CuMnAs, where
current-induced atomistic spin-orbit torques cause a switch-
ing of the AFM state due to relativistic effects based on
crystal symmetry [4]. Another is that of FeRh, where
controlled magnetic-field cooling from a high-temperature
FM state sets the AFM orientation at room temperature [3].
Since these effects rely on the unique properties of the
individual materials, further development of AFM memo-
ries is limited by the inability to work with more general
systems that can be tailored by materials design.
The synthesis of artificial magnetic multilayers offers an

alternative approach, where magnetic systems with tailored
properties can be realized through materials growth [10].
Unfortunately, AFM systems created in this way suffer from
the same problems of readability and controllability as
traditional AFMs—to reset the magnetic state for memory
operations requires either large magnetic fields or high
temperatures to overcome the interlayer magnetic coupling
or magnetic ordering temperatures. The approach that we
follow here is to create synthetic structures that are inter-
mediate between full antiferromagnetism and ferromagnet-
ism in a noncollinearmagnetic state [Fig. 1(a)].We retain the
benefits of an AFM structure (small stray fields, fast
dynamics), while gaining the controllability inherent to a
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FM. By continuously varying the noncollinearity in these
systems, we create a “knob” that tunes the degree ofAFM- or
FM-like properties. This approach can be used to trade-off
between the favorable and unfavorable properties of each
when developing real magnetic memories for applications.
Stabilizing noncollinearity in synthetic magnetic struc-

tures has been challenging due to the narrow window of
precisely balanced interlayer exchange energies that is
required [11–13], and it has previously been observed
only in narrow subangstrom regions of spacer thickness
[14]. We have used polarized neutron reflectometry (PNR)
to show that noncollinear magnetic structures can be
stabilized across a wide range of spacer layer thicknesses
through the atomic-scale, layer-by-layer growth of
LaNiO3=La2=3Sr1=3MnO3 (LNO/LSMO) superlattices
[15]. Here, we demonstrate in one such superlattice the
ability to tune continuously between FM and AFM mag-
netic structures [Fig. 1(a)] using applied magnetic field,
temperature, and substrate-driven strain engineering. We
also show the ability to fully map out the noncollinear
magnetic state of micron-scale noncollinear memory devi-
ces using magnetotransport measurements. In this way, we
develop a nanoscale “materials-by-design” approach to
create alternative, nearly AFM resistive memories that
satisfy the conditions of controllability and readability.
This provides for an easy method of selecting the desired
amount of AFM- or FM-like properties, and it is shown to
be in full agreement with the quantitative results we obtain
from polarized neutron reflectometry and magnetothermal
measurements [Figs. 1(b) and 1(c)]. By using only a small
magnetic field, the magnetic state of the superlattice can be
deterministically switched between eight stable states
and read out using anisotropic magnetoresistance while

retaining the noncollinear magnetic structure (and, there-
fore, the advantageous AFM properties).
For this work, we grow ½ðLaNiO3Þ3=ðLa2=3Sr1=

3MnO3Þ9�14 superlattices by ozone-assisted molecular
beam epitaxy on (001)-oriented SrTiO3 (STO) or
ðLaAlO3Þ0.3-ðSr2AlTaO6Þ0.7 (LSAT) substrates. The base
pressure in chamber is < 5 × 10−10 torr, while the ozone
partial pressure is maintained at 2 × 10−6 torr during
growth. A growth temperature of 600 °C is used for both
LNO and LSMO. Layer-by-layer growth is confirmed by
monitoring the intensity oscillations of reflection high-
energy electron diffraction peaks. High-resolution synchro-
tron diffraction measurements confirm the epitaxial growth
of (001) LNO and LSMO layers and that the superlattice
structures are coherently strained to the underlying sub-
strate. The atomic abruptness of the interfaces is verified by
resonant x-ray reflectivity and scanning transmission elec-
tron microscope electron energy loss spectroscopy mea-
surements. The superlattice on STO is patterned into a Hall
bar configuration with an electrically isolated on-chip heater
for simultaneous magnetotransport and magnetothermal
transport measurements using standard photolithography
and ion-milling techniques [Fig. 1(b)] [16,17].

II. POLARIZED NEUTRON REFLECTOMETRY

The magnetic depth profile within the superlattices is
first ascertained from polarized neutron reflectometry
(PNR) measurements using the polarized beam reflectom-
eter at the NIST Center for Neutron Research. The super-
lattices are cooled from room temperature to 10 or 125 K
(for the sample on LSAT) or 110 K (for the sample on STO)
in a magnetic field of 5.0� 0.5 mT, applied along the

(a)

(b)

(c)

×
×

( ( ))× ×

FIG. 1. Schematic depiction of tunable noncollinear magnetic structures and device. (a) An example of continuous tunability between
a fully antiferromagnetic structure and a fully ferromagnetic structure, with noncollinear magnetism serving as the intermediate
magnetic structure. (b) A patterned ½ðLaNiO3Þ × 3=ðLa2=3Sr1=3MnO3Þ × 9�n superlattice grown on SrTiO3ð001Þ, built into a Hall-bar
device with on-chip heating for simultaneous anisotropic magnetoresistance and anomalous Nernst measurements. (c) The layer-by-
layer magnetic structure of each LSMO layer within the superlattice, showing noncollinear interlayer magnetic coupling.
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[100] direction. The magnetic field is then reduced to 1.2�
0.2 mT prior to the PNR measurements, which are carried
out while monotonically increasing the field up to 700 mT.
We measure both the non-spin-flip reflectivities, R↑↑ and
R↓↓, and the spin-flip reflectivities, R↑↓ and R↓↑, which
allows us to determine the depth-dependent magnitude and
orientation of the magnetization within the superlattices.
We use the Nelder-Mead method within the REFL1D

software package [18] to carry out a quantitative fitting of
the PNR data. In addition to the magnetic properties of the
superlattice, we are able to determine the nuclear scattering
length density, layer thickness, and interlayer roughness.
These values are consistent with those measured at room
temperature using high-resolution x-ray diffraction and
x-ray reflectivity. More than 30 magnetostructural models
(e.g., a uniform magnetization profile within the LSMO
layers versus a profile with reduced magnetization at the
interface with LNO) are considered for each PNR data set,
and the errors reported here are the standard deviation of
the model-to-model variation in the fitted value of ϕM.
Convergence is typically achieved within 5000 iterations,
but up to 250 000 iterations are required for models with
many free parameters.
These data agree with previous work [15] and show

that the magnetic structure consists of individual LSMO
magnetic planes stacked noncollinearly, as shown sche-
matically in Fig. 1(c) and the Fig. 2 inset. The angle
between the magnetization of neighboring LSMO layers is
ϕM ¼ jϕA − ϕBj ¼ 104°� 3° at 110 K for the superlattice
grown on STO, and ϕM ¼ 131°� 3° at 10 K and ϕM ¼
125°� 3° at 125 K for the superlattice on LSAT. Here,
the degree of noncollinearity is likely modified between the
two superlattices due to substrate-induced strain from the

differences in lattice mismatch between the superlattice
and STO/LSAT.
Figure 2 shows how the degree of noncollinearity of the

magnetization varies as a magnetic field is applied along the
[100] crystalline axis. We observe a monotonic decrease in
ϕM with an increasing magnetic field, as the magnetization
of the LSMO sublattices align with the applied field. In
previous work, we showed that this behavior cannot be
explained using the “standard model” of bilinear and
biquadratic magnetic coupling between the LSMO layers
[15]. Rather, the best fit is obtained by assuming that a
noncollinear magnetic structure within the LNO layers
“biases” the angle between the LSMO layers at a value that
depends on the LNO thickness. To model the evolution of
ϕM, we numerically calculate the equilibrium positions of
the sublattice magnetizations within the superlattice with
respect to the in-plane field by minimizing the free energy
per unit area. For a single interface,

E ¼ −HMt cos ðβ − ϕiÞ þ Kt cos ð4ϕiÞ
− JintSMnSNi cos ðϕi − ϕ0

i Þ; ð1Þ
where H is the applied field, M and t are the saturation
magnetization and thickness of the LSMO layer, K is the
first-order magnetocrystalline anisotropy constant of
LSMO, which has easy axes along the h110i azimuths
[19–21], Jint is the interface coupling constant, SMn and SNi
are the interface magnetic moments for the LSMO and
LNO layers, respectively, and i ¼ A, B identifies the
LSMO sublattice. The angles β, ϕi, and ϕ0

i denote the
direction of the applied magnetic field, the orientation of
the LSMO magnetization vectors, and the field-indepen-
dent orientation of the interfacial LNO magnetic moments,
respectively (see the Fig. 2 inset). We ignore the detailed
magnetic structure of the LNO layer.
We apply a least-squares minimization routine to the

low-field regime (1.2 mT ≤ μ0H ≤ 180 mT) to determine
the values of K, J, and ϕ0

i that best fit the measured field
dependence of ϕM. The results are shown by the solid line
in Fig. 2, which matches well with the measured data and
predicts an asymptotic approach to alignment. Above
200 mT, however, we find a more rapid decrease in ϕM
than is predicted by Eq. (1), which may arise from changes
to the spin configuration within the LNO layers. From this
analysis, we find that JintSMnSNi ¼ 4.2 × 10−5 J=m2,
jϕ0

B − ϕ0
Aj ¼ 138.5°, and K ¼ 2.3 × 103 J=m3, in agree-

ment with values of K reported previously for perovskite
manganite thin films [22–25].

III. MAGNETOTHERMAL MAPPING
OF IN-PLANE MAGNETIZATION

With the magnetic structure of the LNO/LSMO super-
lattice known, it is nowpossible to design a device that allows
the magnetic state of the devices to be read out in real time

FIG. 2. Polarized neutron reflectometry of the LNO/LSMO
superlattice on SrTiO3. Magnetic-field dependence of noncolli-
nearity ϕM ¼ jϕA − ϕBj obtained from quantitative analysis of
the spin-polarized neutron reflectrometry spectra at 110 K withH
along the ½100� direction. The red line represents a fit based off of
the free-energy minimization model of the individual LSMO
layers described in the text. (Inset) Schematic of the noncollinear
magnetic configuration.
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using only transportmeasurements.We take advantage of the
anomalous Nernst effect (ANE) as a proxy measurement for
in-planemagnetization. This is themagnetothermal transport
equivalent of measuring out-of-plane magnetization using
the anomalous Hall effect. To do so, we design the device
depicted in Fig. 1(b) to perform simultaneous magneto-
thermal and magnetoresistive transport measurements in an
on-chip heating device geometry [17]. Hall-bar structures
(400 × 10 μm) are patterned using standard photolithogra-
phy and liquid-nitrogen-cooled argon ion milling. For
Nernst-effect measurements, a 100-nm layer of electrically
insulating MgO and a 20-nm layer of resistive Au are
deposited to create a heater. By applying 8.3 mWrms to
the Au layer, an out-of-plane thermal gradient is created, and
a voltage develops across the heated superlattice layer that is
proportional to the in-plane magnetization perpendicular to
the axis of the device. This is the case due to the anomalous
component of theNernst effect generatingEANE ∝ ∇T ×M,
whereEANE is the electric field generated in the material due
to the anomalous Nernst effect, ∇T is the thermal gradient
across the material, and M is the magnetization of the
material.
By performing the measurement on two separately fab-

ricated devices on the same superlattice filmwith device axes
oriented along both the xk [100] and yk [010] directions, we
can fully map out the in-plane magnetization as the magnetic
field is swept 360° in plane (Fig. 3). At 100 mT, the
noncollinearity is reduced from its low-field value (Fig. 2),
such that the magnetization is primarily oriented along the
applied field direction. Because the biaxial anisotropy is
weak, the measured Nernst loops are nearly circular.

Small magnetic fields deterministically switch the mag-
netization between eight energetically favored orientations
that are dictated by magnetocrystalline anisotropy (two
distinct sets of four symmetry-equivalent states; see Fig. S1
of the Supplemental Material [26]). This behavior is unique
to our noncollinear magnetic superlattices and is reflected
in the distinctive “daisy” pattern observed in Fig. 3(a). To
understand the switching behavior of the superlattice, we
calculate the equilibrium orientation of the magnetization
with respect to a rotating in-plane magnetic field using the
free-energy minimization model [Eq. (1)] with the same
values of K, J, and ϕ0 used to fit the PNR data shown in
Fig. 2. With this simple model, we find remarkable
agreement between the measured and calculated magneti-
zation maps, including the dip behavior for fields applied
away from the primary crystallographic axes. Figures 3(c)
and 3(d) show the calculated equilibrium configurations for
fields of 5 and 100 mT applied along β ¼ 31.2° and
β ¼ 0.0°, respectively. For 5 mT, the calculations predict
a dramatic enhancement of ϕM from 105° to 157° as the
magnetic field is rotated away from the [100] axis, as
shown by the blue arrows in Fig. 3(c). Thus, by controlling
the magnitude and orientation of the applied magnetic field,
we are able to “park” our memory element in a state where
advantageous AFM properties are maximized.

IV. ANISOTROPIC MAGNETORESISTIVE
READOUT OF NONCOLLINEAR

MAGNETIC STATE

Anisotropic magnetoresistance (AMR) measurements
provide a direct probe of the orientation of the

(a) (b) (c)

(d)

FIG. 3. Anomalous-Nernst-effect measurements of in-plane magnetization for a superlattice on SrTiO3. (a) Anomalous Nernst
measurements on two devices oriented 90° to each other, measuring components of the in-plane magnetization along the xk [100] and yk
[010] with respect to a 360° sweep of magnetic field at various field strengths. Vx and Vy are the voltages measured on Nernst devices
that correspond to the effective magnetizations in the y and x directions, respectively, due to the relation EANE ∝ ∇T ×M. The
measurements are performed at 110 K with 8.3 mWrms applied to the heater after magnetic-field cooling from room temperature in
2.5 mT. The anomalous Nernst voltages measured in this device represent an in-plane magnetization map of the noncollinear magnetic
state within the LNO/LSMO superlattice. (b) Simulation of the in-plane magnetization map based on the parameters obtained from PNR
data and the free-energy minimization routine. (c),(d) Visualizations of the individual layer magnetization vectors at several points from
(b) H ¼ 5 mT (the blue arrows) and H ¼ 100 mT (the red arrows) for fields applied at (c) β ¼ 31.2° and (d) β ¼ 0.0° from the
[100] axis.
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magnetization of the conducting LSMO layers in our LNO/
LSMO superlattices. Phenomenologically, the AMR of a
ferromagnetic film with in-plane magnetization is

Rxx ¼ R⊥ þ ðRk − R⊥Þ cos2 ϕ; ð2Þ

where ϕ is the angle between the magnetization and
current, and Rk and R⊥ denote the in-plane resistances
for current oriented parallel (ϕ ¼ 0°) and perpendicular
(ϕ ¼ 90°) to the magnetization, respectively [19,27,28].
Figure 4 shows the AMR¼½RðβÞ−Rðβ¼0°Þ�=Rðβ¼0°Þ

signal measured at 110 K as the in-plane magnetic field is
rotated relative to the current direction. At fields below
around 20 mT, the curves have a distinct square shape due
to the biaxial magnetocrystalline anisotropy [21,29,30].
Additionally, there is a hysteresis that appears at the two
lowest fields representing a lag between the applied
magnetic field and the response of the superlattice. At

higher fields [Fig. 4(f)], where the magnetization of each
LSMO layer is nearly aligned with the applied field, the
AMR follows a typical cos2 β dependence. The amplitude
of the measured AMR signal (0.1%–0.2%) is comparable
to that found for existing single-phase antiferromagnetic
systems, such as Fe1−xRh1þx [3], CuMnAs [4], and Sr2IrO4

[5]. It may be possible to increase the size of the AMR
effect in our superlattice devices by changing the compo-
sition of the manganite layer [31].
The most striking feature in the AMR measurements

is the sign change between AMR measured at low
[Figs. 4(b)–4(d)] and high magnetic fields [Fig. 4(f)].
This effect is due solely to the noncollinear layered
magnetic structure in our system and can be qualitatively
explained by considering the parallel contribution to the
AMR from each LSMO layer (see the Supplemental
Material [26]). In small magnetic fields where ϕM > 90°,
the magnetization vectors of each individual layer have

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

FIG. 4. Magnetic-field and temperature-dependent anisotropic magnetoresistance for a superlattice on SrTiO3. (a) Schematic
representation of the device geometry for anisotropic magnetoresistance (AMR) measurements, with the directions of the applied
magnetic field and sublattice magnetizations indicated. (b)–(f) AMR measurements on the LNO/LSMO superlattice with respect to the
applied field measured at 110 K. The amplitude and sign of the AMR signal shift as the field-induced closing of the noncollinear
moments goes from (b)–(d) ϕM > 90° to (e) ϕM ∼ 90° to (f) ϕM < 90°. The solid lines represent the calculated AMR response based on
the parameters obtained in the free-energy minimization model fitting of the PNR data. (g)–(k) Anisotropic magnetoresistance
measurements on the LNO/LSMO superlattice with increasing temperature with a 10-mT applied field. The phase of the AMR signal
shifts 180° as the increased temperature continuously reduces noncollinearity from (g)–(i) ϕM > 90° to (j) ϕM ∼ 90° to (k) ϕM < 90°. As
the temperature is increased, the magnetocrystalline anisotropy plays less of a role, as can be seen as the AMR curves become more
rounded. AMR ¼ ½RðβÞ − Rðβ ¼ 0°Þ�=Rðβ ¼ 0°Þ.
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their largest components in a direction perpendicular to the
applied magnetic field. Thus, the AMR signal is 90° out of
phase with the direction of the magnetic field. In larger
magnetic fields, ϕM < 90°, and the magnetization of each
layer is primarily oriented along the field [Fig. 4(f)] such
that normal AMR behavior is recovered. This phase shift
manifests itself as a sign change in our AMRmeasurements
with an increasing applied magnetic field. At intermediate
fields [Fig. 4(e)] where ϕM is close to 90°, the AMR signals
from neighboring layers nearly compensate each other and,
therefore, the resistance modulations are strongly sup-
pressed (see the Supplemental Material [26]).
To understand the observed AMR behavior, we use the

same values of K, J, and ϕ0 found previously and field-
independent values R⊥ and Rk to calculate the longitudinal
resistance AMR as a function of the magnetic-field
direction. The predicted behavior matches exactly that
shown in Fig. 4 and is plotted against the measured data
as solid lines. Almost all of the features in AMR are
reproduced in this simple model using only parameters
derived from the fits to the PNR data.
Figures 4(g)–4(k) show the AMR measured at a fixed

magnetic field while the temperature is varied. We see that
as temperature is increased, the degree of noncollinearity
shrinks from an initial ϕM > 90° below 210 K, to ϕM < 90°

at 230 K. This behavior is supported by temperature-
dependent PNR measurements, which show a monotonic
decrease in coupling angle as the temperature approaches
the Curie temperature of around 265 K [15] and represents
another way to continuously tune noncollinearity in these
artificially designed magnetic materials.

V. NONCOLLINEAR MAGNETIC RESISTIVE
MEMORY OPERATION

Putting together the combined findings of this work, we
now propose several mechanisms for the operation of a
magnetic memory device with tunable noncollinearity. We
have shown that, at low temperatures, it is possible to
design a nearly AFM structure where the magnetic state can
be controlled with a small field Brotate while preserving the
benefits of AFM memory [Fig. 5(a)]. Using this approach,
the magnetic state at 110 K can be repeatedly switched by
alternately applying a field of 5 mT along the [100] and
[010] axes, as shown Fig. 5(c).
Since noncollinearity can also be tuned with temper-

ature, an alternative mechanism for operation is first
heating to a higher temperature where the degree of
noncollinearity is lower, applying a smaller field to rotate
the moment, then cooling back down to a stable nearly
AFM storage state] Fig. 5(b)]. This functionally represents

(a)

(b)

(c)

Low temp

Low temp Low tempHigh temp

FIG. 5. Proposed noncollinear resistive memory operation. (a) Using induced noncollinearity to create magnetic-field control of a
nearly AFMmagnetic structure into two states representing 0 and 1. (b) By heating the same memory element to reduce noncollinearity,
a nearly FM magnetic structure can be continuously obtained. A smaller field can be used to rotate this FM-like structure, and
subsequently cooled to the AFM-like state to retain the advantageous properties of AFM resistive memory. This operation mechanism is
functionally equivalent to existing fully AFM resistive memory, but in a synthetically designed structure with continuous tuning between
AFM and FM states. (c) Repeatable demonstration of switching between two states at 110 K, using a 5-mT applied magnetic field
rotated between the [100] and [010] directions, as shown in (a).
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the continuous limit of the AFM to FM transition in
existing proposed AFM memory resistors like FeRh [3],
where now we are able to smoothly tune between AFM and
FM states instead of inducing a phase transition that exists
only in certain materials.

VI. DISCUSSION

Magnetic fields are only one of several mechanisms by
which the magnetic state of the superlattice can be con-
trolled. We envision that magnetic switching may also be
achieved with higher efficiency using spin-transfer torque
[32], or spin-orbit torque switching [4,33,34], through either
direct spin injection or designed inversion asymmetry. Since
these effects are difficult to achieve with purely AFM
materials, the tunable noncollinear structure described here
may be a route to realizing efficient AFM switching.
In conclusion, we demonstrate in this paper that non-

collinear antiferromagnetic structures in LNO/LSMO
superlattices can be used as a model magnetic memory
where write and read operations are carried out using only
small magnetic fields and a resistive readout. Additionally,
a stable “park” state, which is unique to this system, is
identified where the LSMO layers are in nearly AFM
alignment, thus incorporating the benefits of antiferromag-
netism along with magnetic-field control using relatively
low fields. The continuous tunability from synthetic AFM
to FM introduces an additional degree of freedom to the
design of AFMmagnetic memories. Since our materials are
artificially realized through superlattice growth, we are not
limited to the intrinsic materials properties of the small
number of potential AFM magnetic memory candidates.
This represents a bottom-up approach to AFM memory
design, where we can now create alternative materials from
existing ones, with different properties as desired.
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