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The B2-ordered alloy FeRh shows a metamagnetic phase transition, transforming from antiferromagnetic (AF) to ferro-
magnetic (FM) order at a temperature T; ~ 380 K in bulk. As well as temperature, the phase transition can be triggered
by many means such as strain, chemical doping, or magnetic or electric fields. Its first-order nature means that phase
coexistence is possible. Here we show that a phase boundary in a 300 nm diameter nanopillar, controlled by a doping
gradient during film growth, is moved by an electrical current in the direction of electron flow. We attribute this to spin
injection from one magnetically ordered phase region into the other driving the phase transition in a region just next
to the phase boundary. The associated change in resistance of the nanopillar shows memristive properties, suggesting
potential applications as memory cells or artificial synapses in neuromorphic computing schemes.

Ever since the discovery of the large resistivity drop! in
B2-ordered FeRh at its metamagnetic phase transition into
the ferromagnetic (FM) state due to an atomic scale giant
mangetoresistancez, electrical currents have been used as a
probe of the phase state’~’. Device proposals based on the
electrical properties of the phase transition include driving it
with an electric field®” or an antiferromagnetic (AF) memory
resistor that is written in the FM state!®!!.

Nevertheless, the use of electrical currents to drive, rather
than simply probe, the phase transition has received less
attention!?. A trivial example is to drive the transition by
Joule heating!">'3. Of more interest is the direct influence of
the current on the transition by means of spintronic effects
where electrically injected spins!# may drive the transition by
favouring the FM phase!>. A tentative early observation was
that an FeRh wire showed a current-induced phase transition
at a lower current density when the current passed through
overlaid spin-polarised Co wires rather than unpolarised Cu
wires'®. The effect was more clearly seen when current was
injected through a Co/FeRh interface, showing a marked sup-
pression of the G-type AF phase for current densities on the
scale of 10" A/m?, which was not present when a Cu/FeRh
interface was used!”.

Here we show that passing current through an AF/FM phase
boundary!® within an FeRh nanopillar reversibly drives the
AF<«FM phase transition, realising a decade-old prediction
of a self-propelled interface driven by spin injection into a
metamagnet!>. Combining the ideas of the current both driv-
ing and detecting the phase transition means that our nanopil-
lars show memristive behaviour. Originally proposed to com-
plete the set of passive circuit elements!®, memristors were
first realised in a titanium dioxide nanopillar in which current-
driven ionic transport shifts the boundary between an undoped
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TiO, layer and a doped TiO,_, region?. There is an anal-
ogy between the motion of the oxidation front there and the
AF/FM phase boundary in our metamagnetic nanopillars.

Fig. la schematically illustrates the nanopillars that we
have studied. They were patterned from gradient-doped FeRh
epilayers grown on MgO substrates with a NiAl buffer layer
to ensure epitaxial growth, from which a bottom contact is
formed. A top contact is made using a polycrystalline Au fly-
ing bridge. A scanning electron micrograph of a completed
device is shown in Fig. 1b. The dopants are Pd, which re-
duces T;, and Ir, which causes 7; to rise!-22, arranged with a
gradient so that the epilayer is richer in Pd close to the NiAl
buffer and richer in Ir near to its top surface, leading to a gra-
dient in 7; through the nanopillar height>3. Further details of
the growth and patterning methods are given in the Supple-
mentary Information. Fig. 1c shows a transmission electron
microscopy cross-section from an unpatterned gradient-doped
FeRh film grown in the same way, together with an elemen-
tal map confirming the doping gradient. The consequence of
this gradient is that for a wide range of temperatures, a height
within the nanopillar can be found where the temperature cor-
responds to the local T;, and a horizontal phase boundary then
separates the nanopillar into a FM region below that height
and an AF region above it. The fact that an AF-FM core-
shell arrangement was found FeRh nanoislands with a size of
~ 10 nm shows that the sharpness of the boundary must be
substantially below that lengthscale®*.

When an electrical current flows vertically through the
nanopillar it must pass through this horizontal magnetic phase
boundary. Our nanopillar device is connected so that a posi-
tive flow of conventional current is from bottom to top (see
Fig. 1a), meaning that electrons flow from the AF region
to the FM region. In this case, electrons with no net spin-
polarisation are driven into the FM region. On the other hand,
when a negative conventional current flows, spin-polarised
electrons are driven from the FM into the AF region, a phe-
nomenon known as electrical spin injection, where a small
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FIG. 1. Nanopillar design and fabrication. (a) Schematic diagram of a nanopillar with Pd to Ir doping gradient indicated. The electron
flow shown is for positive current. (b) Scanning electron micrograph of a 300 nm diameter doping-gradient FeRh nanopillar with flying
bridge contact. Current source and voltmeter connections are indicated. The scale bar is 500 nm. (c) High angle annular dark field image of
cross-section of gradient-doped FeRh continuous film with superimposed energy dispersive X-ray spectroscopy (EDS) data showing the Pd/Ir

concentration gradient.

non-equilibrium magnetisation is generated close to the inter-
face in the non-ferromagnetic material'*. This effect-and its
inverse, when the ferromagnet is slightly depolarised by cur-
rent flow in the opposite direction—is expected to trigger the
phase transition near to the phase boundary'>. This causes
motion of the phase boundary in a direction that can be se-
lected by the direction of current flow. Since the AF phase is
more resistive than the FM phase?!, this motion changes the
series resistance of the nanopillar, providing our means for
detecting the effect.

The nanopillar resistance R was measured using the quasi-
four point method illustrated in Fig. 1b, with further details
given in the supplementary information. The variation of re-
sistance with temperature 7" for a 300 nm diameter nanopillar
is shown in Fig. 2a. The usual hysteresis for a first-order phase
transition is evident. The transition is very broad, spanning a
range from about 370-475 K. The limits of this temperature
range represent the extreme values of 7; at the most Pd-rich
and Ir-rich points at the bottom and top of the nanopillar. Be-
low 370 K, the entire nanopillar is in the AF phase, whilst
above 475 K the FM phase occupies the whole structure. As
an aside, it is worth noting that the fact that the phase bound-
ary moves vertically in our pillar, owing to the doping-induced
transition temperature gradient, means that our pillars do not
show the few large jumps on the cooling branch that have been
seen in other nanoscale FeRh structures®’.

Within this range of temperatures, the nanopillar is divided
into two regions in different phases. As the temperature rises
and falls a horizontal phase boundary sweeps up and down
the nanopillar, as shown schematically in the insets in Fig. 2b.
We can gain a clear view of how the phase fraction (or equiv-
alently the position in height of the phase boundary) varies
as the temperature changes by noting that the measured resis-
tance is simply the series resistance of the two phase regions
(Fig. 2b). Superimposed on the resistance change caused by
the phase transformation is the usual linear rise in the resis-
tance of a metal as its temperature increases, which is sub-
tracted out. The resistance does not vary smoothly with tem-
perature, showing many abrupt jumps and steps that represent
the phase boundary jumping between pinning sites as it travels

phase fraction
© O 9Ot
H O ©

o
N

0.0 - 1 1 1 1 1 1 1

340 360 380 400 420 440 460 480
(b) T(K)

FIG. 2. Phase transition detected by resistance measurement. (a) Re-
sistance of a 300 nm diameter nanopillar as changing temperature in-
duces the phase transition. Heating and cooling branches are marked
in the red and blue, respectively. A small test current of 300 A was
used. (b) Applying a linear transformation based on series resistors
to the resistance gives the phase fraction that has transformed to be-
come ferromagnetic at each temperature. The inset diagrams indicate
the approximate phase state at selected temperatures, with red show-
ing the AF phase and green the FM phase. The star on the heating
branch indicates the temperature for the current pulse measurements
in Fig. 3.

the height of the nanopillar®.

The measurements shown in Fig. 2 were performed using
a current of only 300 pA. This corresponds to a current den-
sity of about 4 x 10° A/m?, which is too small to noticeably
affect the transition. (Current densities are estimated from the
patterned pillar diameter, neglecting the smaller contact area
from the bridge and any current-crowding effects.) To attempt
to do so, we applied pulse trains of 10® pulses, each of 1 us



duration, with a duty cycle of 10% to the 300 nm nanopil-
lar. The amplitude of each pulse was 20 mA, corresponding
to a current density of ~ 3 x 10" A/m?. Control measure-
ments at 320 K, outside the transition region, showed small
rises in resistance AR ~ 3 mQ, regardless of the current direc-
tion, consistent with Joule heating. Further details are given
in the supplementary information.

In Fig. 3 we show the effect of similar pulse trains at 404 K
on the heating branch of the phase transition hysteresis loop,
indicated by the gold star in Fig. 2a. At this temperature there
will be a small region of FM phase occupying the bottom
of the nanopillar, separated from the rest of the nanopillar
by a phase boundary. In this case there are three important
differences in the response with respect to the control mea-
surements. The resistance change is negative and also much
larger than at 320 K, on the scale of a few tens of mQ. These
two differences confirm that the nanopillar has indeed entered
the mixed phase regime, where heating causes an increase
in the FM phase fraction and a concomitant drop in resis-
tance. Each excursion in AR lasts for a few seconds and ends
abruptly, which we associate with the sudden motion of the
phase boundary between pinning sites as the substrate cools
after the pulse.

The third and final difference is that the sign of the cur-
rent pulse now matters. Whilst the resistance excursions AR
are all negative in this case, the amplitude depends on the di-
rection of current flow during the pulse train. For positive
current flow AR ~ —40 mQ whilst for negative current flow
AR ~ —32 mQ. This difference appears consistently, regard-
less of whether the current direction is intermittently switched
(Fig. 3a) or the pulse trains are repeatedly applied in the same
direction (Fig. 3b).

We thus decompose AR into two contributions. There is
a contribution AReyen =~ —36 mQ that is even in current that
we can attribute to Joule heating. The jagged and hysteretic
nature of the resistance-temperature curve in the mixed phase
regime makes it difficult to reliably determine what tempera-
ture change this corresponds to in a direct way, but given that it
is the same pulse train through the same nanopillar it is likely
to be similar to the 1.4 K rise in the control experiments.

The other contribution is odd in current and has magni-
tude ARyqq =~ +4 mQ, with the sign given by the sign of the
corresponding conventional current. Average values (ARyqq)
during each resistance excursion are shown in the top parts
of Fig. 3(a) and (b). A rise in resistance corresponds to a
greater AF phase fraction, meaning that the phase boundary
has moved down, in the direction of the electron flow. Con-
versely, a drop in resistance, indicating a larger FM phase frac-
tion, can be associated with the phase boundary moving up in
the direction of the electron flow. The resistance changes are
thus consistent with the phase boundary moving in response to
the injection of spin-polarised electrons from the FM into the
AF phase material, or unpolarised electrons being driven from
the AF material into the FM phase region!>. This current-
induced change in resistance is 4 m£2, in response to a total
charge of 20 mC of charge passing through the device. It is
nevertheless transient, since the device resistance always re-
laxes to the same level after the pulse, showing that the phase
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FIG. 3. Resistance change of a 300 nm diameter nanopillar in re-
sponse to pulse trains applied while temperature is held at 404 K on
the heating branch. (a) Response to alternate negative and positive
pulse trains, showing the timing of the current pulse trains, the time
series of AR measurements, and (AR,qq) during each resistance ex-
cursion. (b) Response to repeated pulses of the same sign, with the
same quantities plotted. In each case, dotted lines indicate the dif-
ference in response owing to current sign. All pulse trains shown
consist of 10° pulses, each of 1 us duration, with an amplitude of
20 mA, delivered evenly over a 1 s period. (The pulse sequence in
(b) was taken after cooling and heating the sample back to 404 K af-
ter measuring (a) giving a good demonstration of the reproducibility
of the effect).

boundary returns to its original pinning site. Indeed, the R(T)
curve shown in Fig. 2 shows no sharp steps around this point,
so this is not unexpected.

From the data in Fig. 2 we can see that the total change in
resistance from a fully AF to fully FM state is ~ —30 mQ.
Since there is 60 nm of FeRh magnetic phase change alloy
in the film from which the pillar was patterned, our measured
value of ARy4q ~ 4 mQ corresponds to the phase boundary
being reversibly displaced by ~ £8 nm.

We can compare our observations to the predictions of spin
accumulation theory!'® by calculating the effective field ex-
erted on the AF material by spins injected from the FM at a
distance x from the phase boundary according to

eJ 2RFMR AF

Begt(x) = —
et () 8MB Rem + RAF

Pexp(—x/EFM), (1)



where e is the electron charge, J is the current density, g =
2 is the Landé g-factor, and up is the Bohr magneton. The
resistance-area products are given by

Rem = EFM%a Rar = fAFL, 2)
040 OAF

in which oy | are the spin-resolved conductivities in the FM

phase, oar is the conductivity of the AF phase, and {pm aF are

the spin diffusion lengths in the FM and AF phases, respec-

tively. The spin polarisation of the current in the FM phase is

given by the usual expression

p=21"% 3)

01+ 0}
Directly determining the resistivity p of our pillar in the two
phases is complicated by the fact that the measured resistance
is dominated by lead and contact resistances in our quasi-four
point geometry. We can refer to our previous resistivity mea-
surements of FeRh thin films® to estimate the resistivities in
the relevant temperature range as being par ~ 170 uQcm and
par ~ 90 uQcm. We used a typical ferromagetic transition
metal value?>?® of P ~ 0.75 in the diffusive regime to esti-
mate the spin resolved conductivities in the FM phase.

There is little extant data on the spin diffusion length in
FeRh. Here we use the same estimate as Suzuki et al., that
{ar ~ 0.5 nm'”7 and use an Elliot-Yafet scaling ¢ ~ p~! (not
always very well obeyed?”), giving ¢y ~ 0.9 nm.

At our injected current density J =2 x 10!" A/m?, Eq. 1
yields a value of ~ 1 T close (x a few lattice constants) to
the phase boundary. Such a field would reduce the transition
temperature by ~ 8 K in a typical FeRh sample?®?°. Compar-
ing the temperature range needed to complete the transition in
Fig. 3 (~ 50 K) with the FeRh film thickness from which the
pillar was patterned (50 nm) yields a transition temperature
gradient of ~ 1 K/nm, and so a suppression of 8 K would cor-
respond to a spin injection-driven phase boundary displace-
ment of 8 nm, in good agreement with the experimental ob-
servation.

We show data acquired from a 500 nm diameter pillar pat-
terned from the same film in Fig. 4. In this case the tempera-
ture was held at 452 K, close to the midpoint of the transition,
and so the phase boundary will begin in a pinning site approx-
imately halfway up the nanopillar. The R(T) curve for this
device shows sharp steps in this region, indicating the pres-
ence of multiple pinning sites for the phase boundary. Pulse
trains with the same time structure but of 40 or 50 mA am-
plitude were applied. The corresponding current density is
~ 2 x 10'" A/m?. There is an initial negative jump in AR
due to heating caused by each pulse train that is on the scale
several tens of mQ. The plot is truncated to show that this
transient excursion in AR is followed by cooling back to one
of two long-lived resistance states, separated by about 2 mQ.
Which state is returned to depends on the polarity of the cur-
rent pulse train, containing 40 or 50 mC of charge, that was
previously applied in a manner that is again consistent with
the phase boundary having moved in the direction of elec-
tron flow. This long-lived behaviour is likely to owe to the
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FIG. 4. Hysteretic response to pulsed currents. (a) Resistance with
temperature for a a 500 nm diameter nanopillar. The star at 452 K
on the heating branch, close to the transition mid-point, gives the
point at which (b) the resistance changes due to pulsed currents were
measured. The pulse trains again consist of 10° 1 ps pulses at a 10%
duty cycle, but in this case the current amplitude was 40 mA for the
first five pulse trains and 50 mA for the last six. The resistance of
the nanopillar is reversibly changed between two long-lived values
by pulse trains of opposite current polarity.

availability of different pinning sites between which the phase
boundary can be moved at this point in the transition, and can

be classified as a memristive response'®.

To summarise, we have patterned thin film FeRh into
nanopillars capable of carrying a vertical current flow. By
using a doping growth gradient we were able to guarantee a
phase domain boundary wall within the nanopillar perpendic-
ular to that current flow. Passing current pulses through the
nanopillar has been shown to move this phase boundary re-
peatably and reversibly. The measured resistance signal can
be split into two parts. First is the Joule heating effect, which
is even in current direction. Second is a motion dependence on
current direction giving rise to a few mQ change in junction
resistance that is odd in current. The size of signal we observe
is consistent with theoretical predictions and so we attribute
this signal to spin injection through the FM/AF phase bound-
ary. This AR can be either transient or long-lived depending
on the details of the phase boundary energy landscape, and
represents a memristance arising from its motion. Our doping
gradient leads to a flat phase boundary??, circumventing the
scaling issues often found in oxide memristors where current
hotspots form due to the presence of conducting filaments>.
Scaling our nanopillars to smaller diameters will increase AR



whilst reducing the current needed to achieve a given current
density. This will reduce the total charge needed to achieve a
given resistance change, improving the memristive properties.
Bespoke doping profiles will allow the operating point and dy-
namic range of our devices to be engineered to suit different
applications. Moreover, our device design involves only a sin-
gle nanopillar, requiring many fewer lithography squares than
spin memristor realisations based on lateral magnetic domain
wall motion®'33 or the collective response of large numbers
of pillars®*, and does not require exotic fabrication methods™>.
These considerations ease its potential adoption in neuromor-
phic spintronic circuits®.

SUPPLEMENTARY MATERIAL

A document of supplementary information gives further de-
tails on the methods used in this work, along with measure-
ments of the response of a nanopillar to current pulses outside
the phase transition temperature range.
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