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The ramp reversal memory (RRM) effect that appears in thin films with temperature-driven insulator-metal
transitions (IMTs) is a nonvolatile memory effect induced by a simple reversal of temperature ramping from
heating to cooling during the phase-coexistence state of the IMT (when both metallic and insulating domains
coexist). The memory of specific temperatures can be recorded by this ramp reversal, which appears as a
resistance increase around the reversal temperatures. Previous studies showed RRM in VO,, V,03, and NdNiOs,
indicating it is a general effect in relevant systems. These studies indicate the RRM originates from an increase
in the critical temperature around phase boundaries of the coexisting metallic and insulating domains during the
temperature ramp reversal. However, the physical mechanism responsible for the 7¢ increase remains elusive. To
enhance our understanding of the effect and provide clues to the underlying physics, it is crucial to understand
the role of materials’ properties, such as thickness, grain size, and choice of substrate, which have yet to be
explored. We report the RRM properties in VO, thin films as a function of these parameters, namely choice of
substrate, crystallographic properties, film thickness, and morphology. We find that films’ grain size correlates
with the RRM magnitude. The film thickness has a positive effect on the RRM, but at a much lesser extent.
Interestingly, thinning films by a wet-etching process had almost no effect on RRM properties, indicating that
the grain structure and interaction with substrate defined during deposition determines the RRM features. This
was further corroborated by comparing of films grown epitaxially on sapphire with those grown nonepitaxially
on SiO,/Si substrates, where the latter show a fivefold increase in RRM magnitude. These findings support
the hypothesis that strain (or strain gradients) and strain relaxation develop at phase-separated grain boundaries

during the ramp reversal process, which controls the magnitude of the RRM effect.
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I. INTRODUCTION

The ramp reversal memory (RRM) is a recently discovered
memory effect observed in thin films of correlated transition-
metal oxides (TMOs) with temperature-driven insulator to
metal transitions (IMTs) [1-3]. The memory manifests as
a nonvolatile resistance increase of the film, but only at a
specific temperature or temperatures, following a rather sim-
ple writing protocol. An efficient heuristic model, capable of
qualitatively explaining various properties of the effect, was
previously suggested. However, a rigorous explanation of the
source of this memory effect is still lacking. To gain further
insight into the effect and provide guidelines to development
of a theory for the RRM, more quantitative measurements are
needed, which is the main goal of this study.

Currently, the materials measured to exhibit the RRM
effect include VO,, V,0s3, and NdNiO3 [1-3]. These mate-
rials share common characteristics, which are understood to
be relevant for the emergence of the RRM and include the
following: (1) They undergo a first-order phase transition,
in this case a temperature-driven IMT [4,5]. (2) The phase
transition is accompanied by a structural transition concurrent
with the IMT. Both vanadates show a structural transition,
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in VO, from low-temperature monoclinic structure to high-
temperature tetragonal [6,7], and in V,03; from corundum
to monoclinic [8]. The nickelate has a symmetry lowering
during the IMT, from orthorhombic to monoclinic [9,10].
(3) All materials exhibit hysteresis behavior during the tran-
sition, observed as different R vs T curves during heating
and cooling measurements. (4) The IMT is characterized by
spatial phase separation, where during the transition the sys-
tem contains two distinct and spatially separated metallic and
insulating phases [11-13]. (5) The critical temperature of the
phase transition can be modified by various changes in the
material properties or external stimuli, including metallic dop-
ing [14], ionic doping [15,16], deposited thickness [17,18], or
strain [9,19-21].

Figure 1 illustrates key aspects of the RRM properties
and the memory-writing protocol. The sample is a VO, thin
film deposited on C-cut sapphire. Note that this is a different
substrate than that used in previous reports of RRM, where
the effect was measured for VO, deposited on R-cut sapphire
[1,2]. The protocol starts with heating and cooling the sample
between different temperatures covering the entire hysteresis
range (from the fully insulating state to the fully metallic state
and back), from 328 to 358 K in this case. See Fig. 1(a) for
the R vs T plot, and Fig. 1(b) showing the temperature change
over time-y axis is time and x axis is temperature; color coding
of the loops is the same in both figures. Initially, the sample is

©2024 American Physical Society
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FIG. 1. RRM effect measurement on a 180-nm VO, film grown on a C-cut sapphire substrate. (a) R vs T and (b) time vs temperature
measurements of the RRM writing and reading sequence, aligned on the same temperature x axis. Green: heating curve of the first ML; black:
cooling curve of the first ML; pink: RL; blue: heating curve of the second ML; black: cooling curve of the second ML; dashed cyan: heating
curve of the third ML. The dashed gray line in all panels marks the 7z of 342.7 K. (c) A zoom-in section of (a), focusing on the 7y region. AT
is marked. (d) Plot of AT vs T for the heating curve right after the RL (blue) exhibiting a maximum at 7, and for the following heating curve,

dashed cyan line, where the peak is erased.

heated to a fully metallic state and then cooled down to a fully
insulating state, forming a major loop (ML). Subsequently, the
sample is heated to a specific temperature called the “reversal
temperature,” Tr, which is at an intermediate temperature,
during the spatially phase-separated state [marked by a verti-
cal gray dashed line in Figs. 1(a) and 1(b)] [11-13]. Then, the
sample is cooled back to the insulating state, thus forming a
“reversal loop” (RL). This completes a memory writing. Then
the sample is heated again to a fully metallic state, which is
the memory-reading stage (it also erases the memory when
heating above Tr, as further discussed below). Comparison
between the cyan and the blue heating-resistance curves in
Fig. 1(c)—the heating curves before and after the RL—shows
that the resistance changes considerably near Tr. A physically
meaningful way to analyze the effect, shown in Ref. [3], is to
calculate for each temperature the temperature shift required
to return to the original resistance, marked in Fig. 1(c) as
AT. In Fig. 1(d) we plot AT vs T, blue curve, showing a
peak at exactly T, a hallmark of the RRM effect. Then, in
the next heating measurement (after cooling, of course) the
original resistance is recovered, and the memory is erased.
This can be seen by the dashed cyan line in Fig. 1(c) and by
the dashed cyan line in Fig. 1(d), where the relative AT vs
T measurement shows the peak disappearing. For a detailed

explanation and additional properties of the RRM, please refer
to Ref. [1].

We recap the heuristic model that was hypothesized in
Ref. [1] that qualitatively captures all reported RRM fea-
tures: (1) During the temperature ramp reversal (at 7gr)
there are spatially separated insulating and metallic domains
[12,13,22,23]. (2) The hypothesis is that the insulator-to-metal
transition temperature of the phase boundaries, between the
spatially separated insulating and metallic domains, increases
due to this ramp reversal. We refer to these phase boundaries
with increased IMT temperature as scars. (3) Thus, during
the following resistance measurement there is a delay in the
advancement of the transition, which appears as an averaged
temperature delay in the transition—hence the measurement
of AT is a meaningful estimation to the magnitude of RRM
effect. (4) This delay in the transition also manifests as a
resistance increase, but this measurement is highly affected by
the resistivity and transition properties of the IMT. (5) Finally,
when the temperature is increased further above the reversal
temperature, the previous scars are “healed” and the memory
is erased [1].

While the heuristic model successfully describes the fun-
damental characteristics of the RRM, a physical model is still
lacking. To develop a comprehensive theory, it is crucial to
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gain insight into how the RRM is quantitatively determined,
i.e., what are the factors that influence the magnitude of the
RRM. Note that based on our heuristic model, the magnitude
can be influenced either by increasing the amount of scarring
in the sample (or the width of each scar), or by increasing the
magnitude of local AT induced by each individual scar. We
have previously demonstrated that performing more RLs in a
specific sample results in an increase in AT due to production
of more scars. However, this does not answer how chang-
ing systems’ properties affects the scars’ properties, which is
needed to understand the underlying mechanism.

It is well established that the IMT transition properties in
TMO, and specifically in VO, thin films, are modified by
strain [20,24,25]. One plausible option is that the RRM is re-
lated to strain coming from lattice mismatch between the film
and the substrate [25-27]. In this case, by modifying the films’
thickness, the relative role of substrate interactions and bulk
energies will change. Measuring the effect of the interaction
with the substrate can also be measured by changing the sub-
strate. Additionally, strain can be stored in grain boundaries.
In this case it is not clear if larger grains enable more strain
energy, and a larger effect on AT, or if smaller grains result
in more scars that increase AT. Note that changing film’s
thickness or growth substrate can change additional proper-
ties, such as grain size, shape, or growth orientation. Thus,
care must be taken when analyzing the different contributions.

In this study we aim to reveal contributions of the afore-
mentioned system parameters on the magnitude of the RRM,
and the source of these changes. That is, do we have more
scars or a larger AT produced by each scar? And, what are
the system parameters which are contributing to the effect?
We find that depositing films to increasing thicknesses does
show an increase in the RRM magnitude. However, reducing
film thickness by a wet-etching process has almost no effect
on RRM properties. Comparing VO, films grown epitaxially
on C-cut sapphire with those grown nonepitaxially on SiO, /Si
substrates reveals a fivefold increase in the RRM effect in the
nonepitaxial growth, more than any other contributing factor.
We discuss in depth the insights provided from these findings
and their implications for our understanding of the mechanism
underlying the RRM.

II. RESULTS

The paper is organized as follows: In Sec. IT A we explain
how we acquire a quantitative measurement of the RRM so we
can compare different samples. Then we show results from
three sets of measurements, including RRM and structural
properties: Section II B shows VO, deposited on C-cut sap-
phire substrates to different thicknesses (60, 100, 180, and
340 nm.) Section IIC compares properties of 180-nm-thick
VO, films (deposited on the C-cut substrates) that are wet
etched [28,29] to different thicknesses (original 180-nm and
134-, 94-, and 23-nm etched films). Section II D shows prop-
erties of VO, films deposited on a SiO,/Si substrate to
thicknesses of 60 and 120 nm, and compares them to the films
deposited on C-cut sapphire substrate. Finally, in Sec. III we
discuss all measurements together, and conclude.

A. Evaluation for the RRM magnitude

To evaluate the magnitude of the RRM effect in the differ-
ent films we performed an RRM writing and reading protocol,
with a single RL for many different reversal temperatures,
throughout the entire transition. In Fig. 2(a) we exemplify the
measurement for the 180-nm VO, film atop C-cut sapphire.
Over 30 different Trs were measured for each film. RLs of
two different reversal temperatures are marked in the figure
with distinct colors.

Next, we analyze the AT vs T plot for each reversal
temperature. We note that VO, is known to exhibit a time-
dependent increase in resistance while in its insulating state,
which is unrelated to the RRM (see Supplemental Material
of Ref. [1]). This may introduce an unwanted offset in the
AT analysis which will skew the results. We developed a
procedure to separate the time-dependent effects from the
RRM, which is detailed in our Supplemental Material (SM),
Sec. S1 [30]. In Fig. 2(b) we plot the AT vs T curves for
the different reversal temperatures after removing the time-
dependent effect. Each measurement shows a maximum in
AT that correlates with its reversal temperature, marked by
a dot. We exemplify the curves for the color-coded rever-
sal loops of Fig. 2(a). At reversal temperatures below the
beginning of the IMT there is no peak in the AT measure-
ment, as expected. The AT maxima increase with the reversal
temperature up to some maximum, and then decrease. At
higher reversal temperatures the measurement becomes noisy,
and we are not able to resolve the peak above 348 K. As
mentioned above, the AT amplitude should be related to the
magnitude of the RRM effect [3]. In this case the change in
AT magnitude is attributed to a change in the amount of phase
boundaries during the IMT, due to the percolation nature of
the transition [23,31], resulting in changes to the amount of
scarring [3]. Thus, at the vicinity of the percolation threshold
one would expect a maximum in the RRM magnitude. This is-
sue will be further elaborated upon in the Discussion, Sec. II1.
In general, the graph of AT peaks vs reversal temperature is
a fingerprint of the RRM effect in the sample, and we can
compare it between different samples.

B. VO, deposited to different thicknesses

VO, thin films were sputter deposited on C-cut sapphire
substrates with thicknesses of 60, 100, 180, and 340 nm.
The deposition in done by rf-magnetron sputtering from a
V,0;3 target in our AJA Orion chamber, with base pressure
of 1 x 107 Torr. We used the same deposition protocol de-
scribed in Ref. [29], but on a C-cut sapphire instead of R-cut
sapphire. The characteristics are presented in Fig. 3. Fig-
ure 3(a) shows R vs T measurements of the different samples
(thickness appears in the figure). All films exhibit an IMT,
but with some variation in magnitude of resistance change,
width of transition, and hysteresis. The temperature coeffi-
cient of resistance (TCR = %j—’;) vs T is shown for the heating
branch in Fig. 3(b) (color coding marked in image). The
transition magnitude increases with increasing thickness, ex-
cept for the 340-nm sample, where the magnitude decreases.
X-ray diffraction (XRD) measurements, plotted in Fig. 3(c),
reveal that all samples exhibit epitaxial growth in the (002)
direction [32,33]. The VO, (002) peak approaches the value
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FIG. 2. (a) R vs T from many ramp reversal measurements of different reversal temperatures. Two specific reversal temperatures, 344.6
and 343.1 K, are highlighted with distinct colors. (b) AT analysis for each reversal temperature. The peak of each AT curve corresponding
to its reversal temperature is marked with a black dot. The curves and the dots of the 344.6 and 343.1 K reversal temperatures are colored

consistently with (a).

of bulk VO, with increasing thickness [Fig. 3(d)]. Atomic
force microscopy (AFM) measurements of the samples are
presented in Figs. 3(e)-3(h); film thickness is marked in each.
The inset in Fig. 3(d) plots the average grain size of the films
vs thickness, calculated from the AFM images. The grain size
increases with thickness, as expected [34,35], except for the
340-nm film, where the grain size is smaller than anticipated.
We will discuss this point further in Sec. III.

Figure 4 shows a comparison of the AT peak vs reversal
temperature for the VO, films deposited to different thick-
nesses. The temperature axis is shifted to each film’s TCR
maximum, which corresponds with the center of the IMT.
All films present the aforementioned behavior, where the
AT peak first increases with reversal temperature, reaches a
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maximum, and then decreases. For all films, the maximum
value of AT occurs at lower reversal temperatures than the
TCR’s peak. We compare the maximum AT measurement
among the different films as a coarse indicator to the RRM
effect in that film. In Figs. 4(b)-4(d) we compare the AT
peak maxima of different films with different film properties;
Fig. 4(b) is vs thickness, Fig. 4(c) is vs TCR maximum, and
Fig. 4(d) is vs grain size. For the samples deposited to differ-
ent thicknesses, one can see that the maximum value of AT
increases with thickness, except for the thickest 340-nm film,
where the maximum is lower. The difference in this film is that
the grain size is much smaller and the TCR is lower. We note
that this is probably due to some difference in the deposition
of this specific film, and not a feature of thick films. However,

FIG. 3. Characterization of VO, films deposited to different thicknesses: 60 nm: black; 100 nm: red; 180 nm: green; and 340 nm: blue.
(@) Rvs T, (b) TCR vs T, and (c) XRD 6-20 measurements of the films. The 6-26 measurement is focused on the VO, (002) peak area. The
intensity values are normalized to 1. The VO, bulk value is marked, both in (c) and (d). (d) 6-20 measurements of the angle of the VO, (002)
peak as a function of deposited thickness. The peak approaches the VO, bulk value with increasing thickness. The inset in (d) is the grain size
of films vs the deposited thickness. The crystal size is calculated from the AFM measurements of the films (e)—(h). More about the grain-size
calculation can be found in the SM, Sec. S2 [30] (see also Refs. [46,47] therein).
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FIG. 4. (a) Dots are the AT maxima vs 7 for the films with different deposited thicknesses, left y axis. Lines are the negative values of the
TCR vs temperature of each film, right y axis. Both the TCR and the RRM curves are shifted to the peak of the TCR of each film. (b)—-(d) AT
peak maxima of the films vs different film properties; (b) vs thickness, (c¢) vs TCR maximum, and (d) vs grain size. The grain-size calculation

was done based on the AFM images.

it provided us with much insight into the RRM, as will be
elaborated in the Discussion, Sec. III. We observe a correla-
tion between the grain size and the magnitude of the maximal
AT, except for the 340-nm again, and the main difference
is that the sample is thicker. A similar trend for the effects
of deposition thickness was observed for VO, deposited on
R-cut sapphire; see SM, Sec. S5 [30]. In the following section
we continue to overview all results before getting into further
discussions and conclusions.

C. VO, wet etched to different thicknesses

VO, films of different thicknesses were prepared by thin-
ning the 180-nm film to different thicknesses via a wet-etching
process. This technique was chosen since it was shown to
maintain the transport properties, oxygen stoichiometry, and
crystal structure of the films [28]. Specifically, VO, was de-
posited on a large C-cut sapphire substrate that was then
broken into several pieces. Each piece was immersed in a
NaOH solution for a different time, following the process
described in Ref. [28] (but with NaOH concentration of 4000
uMol NaOH in 100 ML). This resulted in films with differ-
ent thicknesses and somewhat different surface morphologies.
The characteristics of the films are presented in Fig. 5.

The R vs T curves for the different films show an increase
in resistance with decreasing film thickness, but with almost
no broadening of the transition, except for the thinnest 26-nm
sample; see Fig. 5(a). The TCR and 6-26 measurements of
these films are exhibited in Figs. 5(b) and 5(c), accordingly.
The XRD measurements demonstrate an epitaxial growth in
the (002) direction of all samples and exhibit nearly the same
angle for the VO, (002) peak (as expected), and only a slight
relaxation in strain with etching.

As shown in the AFM images of the films [Figs. 5(d)—
5(g)], the thickness profile measurements and cross-sectional
scanning electron microscopy images (shown in SM, Secs. S3
and S4 [30]), the films do not exhibit homogeneous thickness
across their surface. The average thicknesses were measured
to be 177 nm (38.5), 134 nm (52.6), 94.4 nm (43.5), and 23
nm (24.9), where the number in parentheses is the standard
deviation. Note that the nominal thickness analyzed for the
nonetched film agrees with the thickness measured from a
rate monitor during deposition, indicating the reliability of the
analysis. Interestingly, the 26-nm film exhibits areas in which
the etching process resulted in voids where the VO, is etched
down to the substrate (see SM, Sec. S3 [30]).

The RRM magnitude measurement (analysis of AT peak
maxima vs reversal temperatures) for all the etched films is
presented in Fig. 6(a). Each curve is shifted to the film’s TCR
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FIG. 5. (a) Characteristics of VO, films deposited with a thickness of 180 nm, which were subsequently etched to different thicknesses of
134, 94, and 23 nm. (a) R vs T, (b) TCR vs T, and (c) XRD 6-26 measurements of the films. The 6-26 measurement is focused on the VO,
(002) peak area. It is seen that the peak is at the same position for all films. (d)—(g) AFM measurements of the different films. See SM, Sec. S3

for AFM zoom-ins and thickness profile measurements.

peak. Similar to films deposited to different thicknesses, the
maximum value of the AT peaks occur at lower tempera-
tures than TCR peaks. However, now the magnitude of the
AT peaks is very similar for the different thicknesses (and
different morphologies), and slightly increases as the films are
further thinned (while previously the magnitude was smaller
for thinner films). This increase is smaller compared to the
trend observed in the films deposited to different thicknesses.
A similar trend for the effects of etching was observed for VO,
deposited on R-cut sapphire; see SM, Sec. S6 [30].
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FIG. 6. (a) The AT maxima vs Tz of VO, films etched to differ-
ent thicknesses. The left y axis shows the RRM magnitude, while the
right y axis shows the negative values of the TCR vs temperature of
each film. Both the TCR and the RRM curves are shifted to the peak
of the TCR of each film.

D. VO, deposited on SiO,/Si substrates

VO, films with thicknesses of 60 and 120 nm were sputter
deposited on Si (100) substrates with a 750-nm-thick ther-
mally grown SiO, layer using the same deposition process
described above. Figure 7 shows the R vs T [Fig. (7a)],
TCR [Fig. (7b)], 6-26 [Fig. (7c)], and AFM measurements
[Figs. 7(d) and 7(e) for the 60-nm film and Figs. 7(f) and
7(g) for the 120-nm film]. The magnitude of the resistance
change during IMT for both films is smaller than that of the
VO, films deposited on C-cut sapphire substrates, and the
transition and hysteresis are wider. The 60-nm film exhibits
a larger resistance change than the 120-nm film [Fig. 7(a)].
Both films do not grow via lattice matching and do not have
preferred in-plane orientation (nonepitaxial). The films show
a preferred out-of-plane growth along the (011) direction.
The 120-nm-thick film is multiphase, where V013 and V409
peaks are also present, which sometimes occurs and has been
previously reported [36]. The existence of phases in addition
to VO, explains why the IMT resistance change is smaller
in this film. AFM images show larger grains for the 120-nm
film.

The RRM magnitude measurement (A7 peak maxima vs
reversal temperature) for VO, deposited on SiO,/Si sub-
strates, along with those deposited on C-cut substrates of
different deposition thicknesses, are presented in Fig. 8. Each
curve is shifted to its film’s TCR peak. VO, deposited on
SiO,/Si substrates exhibits a shift between the AT peak
maxima and the TCR peak that is much larger than for
films deposited on sapphire; compare the dashed purple curve
(120 nm on Si0O,) and the blue dashed curve. Remarkably,
the RRM magnitude of VO, films deposited on SiO,/Si sub-
strates is notably larger compared to that of those deposited on
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FIG. 7. Characteristics of 60- and 120-nm VO, films deposited on silicone substrate with a thin (750-nm) layer of oxide on top. (a) R vs
T, (b) TCR vs T, and (c) XRD 0-26 measurements of the films. The 6-20 measurement in (c) reveals that the 60-nm film contains only VO,,
while the 120-nm film contains VO,, V40,3, and V4Oy. (d)—(g) The AFM measurements of the different films. (e) and (g) are zoom-ins of (d)

and (f), accordingly.

C-cut sapphire, and this difference is particularly pronounced
in the 120-nm film.

III. DISCUSSION

As mentioned in the Introduction, there are two scenar-
ios that may affect the magnitude of the RRM signal under
the heuristic scars model. One scenario is a change in the
amount of scarring in a sample. If a reversal loop results in
more scars—the magnitude of the RRM will increase, and

0.6 T T *
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05 ® SiO,120nm ‘i"i
® Ccut60onm ®: ™
—~ 04} ® Ccut 100nm .
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Temperature (K) - TCR,,,(K)

FIG. 8. The AT maxima vs Tz of VO, films, deposited to dif-
ferent thicknesses on C-cut sapphire and on SiO,; see legend in
figure for color coding. The Tk is shifted by the peak of the TCR
of each film. The maximum values of the RRM curve of the 340-nm
VO, deposited on C-cut sapphire and of the 120-nm VO, deposited
on SiO, are marked with dashed lines (blue and purple, accord-
ingly), indicating the distance from the TCR peaks (at zero, gray
dotted line).

vice versa [3]. A second scenario is that each individual scar
may induce larger delay in the (local) transition temperature.
Here, even if the amount of scars remains the same, the RRM
magnitude will increase.

There are different sample properties that might contribute
to the RRM magnitude. Let us consider the contribution of
grain size. It is known that the grains size has an influence on
the IMT properties [34,37,38], making it a plausible candidate
for affecting the RRM. However, usually the grain size of the
film is correlated with the film’s thickness when deposited
under identical conditions [34], so it is hard to separate these
two effects. We were lucky in this study; some unintentional
change in the deposition condition (possibly substrate tem-
perature) resulted in a thick VO, film but with small grains.
A reasonable assumption is that spatially separated phase
boundaries occur at grain boundaries [22,39]. So, a film with
smaller grains may result in a larger amount of grain bound-
aries and scars. While this may be correct, our measurements
show that the RRM signal is actually smaller in films with
smaller grains (see Fig. 4), meaning the source of the increase
of the AT is not due to an increase in the amount of scars,
but rather due to a larger shift in the AT of each individual
scar. So, films with larger grains result in scars with a larger
change to the local critical temperature. The 340-nm film has
grains similar in size to that of the 100-nm film. Here, it is
conceivable that the three-dimensional granular structure in
this thick film does contribute to more grain boundaries, and
thus the magnitude of the RRM in the 340-nm film is larger
than in the 100-nm film, but smaller than the 180-nm film that
has larger grains. This conjecture is further corroborated by
the fact that etching a film to smaller thickness did not change
the AT measurements much, where correspondingly, there
was not much change in the grain structure. There is some
correlation between the magnitude of the TCR and the RRM
in the films deposited to different thickness, but this is clearly
not the case in the wet-etched films, or the films deposited on
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the SiO,/Si substrate, so TCR is not related to the RRM (more
likely TCR correlates with grain size).

We next discuss interactions with the substrate. We observe
two main outcomes. First, for the two growth substrates-VO,
films deposited to larger thicknesses showed an increase in
RRM signal, related to the larger grains in thicker films (as
discussed above). And, etching the films postdeposition to
thinner films had nearly no effect on the RRM signal. Only
when films were thinned even further and the structure started
to separate into islands was a change measured, where the
AT magnitude increased. This indicates that the structure
attained during the deposition defines the RRM properties.
Now, if the VO,-substrate interface energy had a role in defin-
ing the RRM, we would expect a change in the signal upon
thinning, since the ratio between bulk energy and interface
energy would change. However, even when thinning to half
of the original thickness, the AT was not affected. Thus,
we conclude that the substrate interaction cannot be a main
contributing parameter to the scars’ stabilization. However,
the growth characteristics of the thin layer, which is controlled
also by the substrate, does have an important contribution to
the RRM, i.e., the crystal structure, grain size, and amount
of strain, which depend also on the substrate, do control the
resulting RRM effect.

We found that VO, atop SiO,/Si show upward of 5 times
increase in the RRM signal relative to VO, grown on C-cut
sapphire of similar thicknesses. The grains’ size of the VO,
films on Si0O,/Si are comparable to those grown on sapphire
[Fig. 4(e) and Figs. 7(d) and 7(e)] when comparing similar
thickness. The main difference of the growth atop SiO; is
that the VO, films do not have any considerable interface
strain between the film and the substrate, as there is no lat-
tice matching (only preferred out-of-plane growth direction
[40,41], with no in-plane preference), whereas growth atop
both R- and C-cut sapphire has lattice matching [32,33,42]
and preferred in-plane orientations. We recall that the 120-nm
VO, film on SiO, had additional phases to VO, (V¢O;3 and
V4QOg). This resulted in a smaller resistance change in the
IMT transition (compared to the 60-nm film). Note that the
AT analysis only measures the changes of the IMT; thus,
it is not sensitive (to a first approximation) to the additional
phases. However, the observed RRM effect was the largest
in this film. The existence of additional phases might influ-
ence the RRM in other ways, e.g., scars existing between
two VO, grains might have a different amount of temper-
ature shift than scars existing between VO, and a different
phase. In the scope of this study, we cannot assess such
contributions.

Taking into consideration all the results discussed above,
we understand the situation as follows. Recall that the phase
boundaries between phase-separated insulating and metallic
domains is where the scars (with increased critical tem-
perature) develop. The underlying mechanism for the scar
formation was suggested to be the development of strain at
the phase boundaries which are stabilized due to the ramp
reversal process [3]. It has been demonstrated that uniaxial
strain can significantly shift the transition temperature in VO,
[20,21,24,25,27,43-45]. We hypothesize that if the interface
(and scars) of the phase-separated grains have more possi-

bility to deform, then they can organize in such a way that
the stabilizing energy of the scars is greater, which leads to
a larger shift of the local critical temperature. Put simply,
the more freedom the grains have to reorganize, the more
energy will be needed in order to release the scars from the
ramp reversal induced stable state. This scenario coincides
with the measurement that films grown epitaxially, which are
“locked” with the substrate through interface strain, have a
much smaller RRM signal than those grown nonepitaxially. In
addition, larger grains may have much more strain energy at
the interface, which results in a larger energy barrier, relative
to smaller grains, where strain can be distributed on many
more grain boundaries. This will result in a larger RRM effect
for larger grains. The organization of the grains and grain
boundaries is defined during the growth of the film. The etch-
based thinning process does not change the grain arrangement,
and therefore the energy state of the scars will not be affected.
Only when the film starts to separate into islands is there more
possibility for deformation of the remaining grains, and then
an increase in the RRM signal is measured.

Recently, an additional mechanism was suggested for the
development of the ramp reversal memory effect [2]. It was
proposed that during the phase-separated state there is a dif-
fusion of point defects across the metal insulator boundary,
where these defects accumulate in the metal regions and de-
plete from the insulating ones (defects could include, e.g.,
oxygen and oxygen vacancies). As defects are transported out
of the insulating regions, the 7¢ of the insulator near the phase
boundary increases, while the 7c may also decrease in the
metallic regions with higher defect concentration. This model
does not directly explain the results we presented herein.
However, it is plausible that the strain gradient experienced
during the transition contributes to the diffusion of the impuri-
ties, introducing a drift term, accelerating the process. Further
theoretical analysis is needed to assess if the current study
could be understood through the point-defect diffusion model.

We finish the discussion with two final notes. First, the
source of the difference between the maximum AT and the
maximum in the TCR is not clear, especially the larger shift
in films deposited on SiO, compared to films deposited on
sapphire. This could indicate that there is some directionality
in the percolation nature of the IMT [31]. We hope that our
findings will encourage additional studies to clarify this open
question.

Finally, we draw attention to an additional phenomenon
that was observed during the etching study of VO, on C-
cut sapphire. In a previous paper [28], we investigated the
effects of the wet-etching process on VO, films deposited
on R-cut sapphire substrates. The results demonstrated that
although the etching process increased the films’ roughness
somewhat, the thickness remained relatively uniform, i.e., the
etching was not directional. In this study, we performed the
same etching process on VO, films grown on C-cut sapphire
substrates, as described in the Results, Sec. II (Fig. 5). Fig. 9
presents a zoom-in of the most etched film (nominally 26 nm).
Notably, the etching process exhibits nonuniform behavior in
these films, resulting in voids with hexagonal symmetry. This
matches with the in-plane symmetry of the C-cut substrates
and with the VO, grown atop [32], i.e., the VO, is preferen-
tially etched to specific planes of the VO,.
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FIG. 9. (a), (b) AFM measurement of the 134-nm (a) and 26-nm
(b) postdeposition etched films (from the originally 180-nm film).
(a) The 134-nm film is mostly uniform, with small number of voids.
The large ones start to show a hexagonal structure. The 26-nm film
shows larger voids with a clear distinct hexagonal structure, and a
possible order hexagonal structure of the voids.

IV. SUMMARY

To summarize, we have performed an extensive study of
the RRM magnitude, and as it is affected by film properties,
namely thickness, etching, grain size, and substrate choice.
We performed a quantitative measurement of the A7 magni-
tude and compare different films, going beyond the qualitative
measurements previously reported. The main conclusions are
that if the phase-separated grains in the film can relax into
a more stable energy state—it will result in a larger RRM

signal, as is exhibited through the amplitude of the measured
AT . This further corroborates with the fact that the RRM sig-
nal grows fivefold when the VO, is deposited nonepitaxially
atop SiO,/Si substrates, compared to epitaxial films grown
on sapphire substrates. This led to a large AT, of nearly
0.6 K change in critical temperature, which can also make
the memory effect relevant for applications. We clearly see
that more scars do lead to a larger AT, as is demonstrated by
the magnitude increasing toward the maximum of the TCR,
which is close to the percolation threshold of the system, i.e.,
where there are the most phase boundaries at the reversal
temperature. All these data put together do point to strain
gradients at the phase boundaries being the leading factor
in causing the RRM, but we cannot rule out the recently
proposed defect-diffusion model. Any future theoretical de-
scriptions of the effect must be able to reproduce the reported
features of the RRM. We hope this and previous papers on
RRM will encourage additional experimental and theoretical
work to enhance our understanding of this memory effect.
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