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ABSTRACT

The recently discovered ramp reversal memory (RRM) [Adv. Mater. 2017, 29, 1605029]
is a non-volatile memory effect observed in correlated oxides with temperature-driven insulator-
metal transitions (IMT). It appears as a resistance increase at predefined temperatures that are set
or erased by simple heating-cooling (i.e., ramp-reversal) protocols. Until now RRM was measured
for two materials - VO, and NdNiOs. A heuristic model suggests that the RRM is caused by a local
transition temperature increase at boundaries of spatially separated metallic and insulating
domains during ramp-reversal. However, there is no experimental measure of the magnitude of
the effect, which is crucial for the development of a theoretical account of the RRM.

Here we show that V03 also shows RRM including all related features, highlighting the
generality of the effect. Moreover, an analysis of the RRM as an effective (average) increase of
the critical temperature provides a quantitative measure of its magnitude as a function of
temperature and ramp-reversal protocols. We provide clear evidence that the RRM is the outcome
of local increase in T. of the microscopic-scale phase-boundaries, which are created during
temperature ramp-reversal (from heating to cooling) within the insulator-metal phase coexistence

regime.



Electronic phase transition in correlated oxides is generally associated with the existence
of competing ground states and coupling between different degrees of freedom, including spins,
lattice strains, orbitals and phonons, that have similar energy scales. [1-4] The complex nature of
these correlated electron systems opens the possibility for modifying the ground state by a variety
of driving forces, and for phase transitions and other unexpected phenomena to appear [1,5-7].
We have recently reported an unexpected memory effect — the ramp reversal memory (RRM), [8]
observed as a resistance change during the insulator-metal transition (IMT).

The RRM was observed to date in only two correlated transition metal oxides — VO, and
NdNiOs thin films, which have a temperature driven insulator-metal transition (IMT) coinciding
with a structural transition. [9,10] The RRM is observed in resistance vs. temperature (R vs. T)
measurements of the phase transition, and is induced by applying simple heating and cooling
protocols. The sample is initially cooled from the fully metallic to the fully insulating state. Then
it is heated to a chosen “reversal temperature” - Tr, within the metal-insulator phase coexistence
regime. [11,12] Thereafter, the sample is cooled back to the insulating state. After the reversal
loop, the resistance of the sample is measured while heating from the insulating to the metallic
state. As a consequence of this process, the resistance measured during this heating curve is higher
in the vicinity of Tr compared to a curve acquired without a prior ramp-reversal process. Upon
heating into the fully metallic state, the resistance-increase is erased and the original R vs. T curve
is recovered.

A heuristic model was suggested for the RRM, based on three properties that are commonly
observed in temperature-driven first order phase-transitions of correlated oxide thin films:

I.  The transition occurs through phase-coexistence in which two spatially separated phases

coexist, referred to as “spatial phase separation”. [13,14] Examples include charge order



insulating and ferromagnetic metallic phases in manganites, [15,16] metallic and insulating

phases in NdNiOs, [17,18] VO, [11] V203 [12] and others. [19]

ii.  The different electronic phases in these systems also have different lattice structures, i.e.,
the electronic transition is coupled to a structural transition. [9,10,20,21].
iii.  Strain changes the properties of the transition. [22] Specifically, it can change the critical

temperature. [23-26]

The RRM model postulates that the boundaries between co-existing phases have a
significant role in the memory effect. [8] Since different lattice structures are coupled to each
phase, then along phase boundaries of co-existing phases, the lattice will be distorted. If the
distortion is stabilized during the ramp reversal process, the newly formed local strains, referred
to as 'scars’, will change the local transition temperature. [22,23,27,28] Recent optical
measurements provided direct evidence to the existence of phase boundary scars. [29] This
heuristic model qualitatively captures the central features previously reported for the RRM:

1. A memory is erased upon heating above the Tr in which it was created, and all memory is
erased following heating into the metallic state.
2. Additional memories can be written without erasing existing ones and are maintained over

a long period of time.

3. The resistance increase in the vicinity of Tr is correlated with the temperature coefficient

of resistance (TCR = % . Z—:) of the material.

In order to broaden our understanding and develop a theoretical account of the RRM, it is important
to provide a quantitative measurement of the magnitude of the RRM effect, which is currently

missing.



We report here the study of V.03 thin films, chosen since they possess all the essential
ingredients to exhibit RRM: 1) a first order temperature driven IMT (at ~150K with a resistance
change of ~4 orders of magnitude and a hysteresis of 10K), [9,30] 2) an IMT coupled to a structural
phase transition (corundum to monoclinic), [20] 3) a transition showing spatial phase
separation [12] and 4) correlation between strain and transition temperature. [30-32]

As anticipated, these properties produce the appearance of the RRM in V203, showing the
generality of the effect. A useful quantitative analysis of the RRM can be introduced by studying
the effective temperature shift that the RRM generates, instead of a resistance increase at each
temperature. This method removes the strong RRM dependence on the TCR and provides a
measure of the averaged increase in Tc induced by the scars. An analysis of the RRM measured at
different reversal temperatures and as a function of number of reversal loops provides a
quantitative understanding of the effect. The results are well reproduced by a model with only two
assumptions: 1) the IMT follows a nucleation-and-growth process [33-35] and 2) the scars induce
a local T¢ increase. This indicates that scars drive the RRM and the number, or length, of scars

dictates the magnitude of the memory effect.

RESULTS

The RRM in V203 is demonstrated using a protocol of sequential R vs. T measurements,
as shown in Figure 1 for a 50nm epitaxial V203 thin film on an r-cut sapphire substrate (see
'Methods' for details). Major loops (ML) are obtained from a heating and cooling R vs. T with
minimum and maximum temperatures outside the hysteretic region of the sample, i.e., reaching a
single-phase state. In a reversal loop (RL), the heating ramp begins at the low temperature of the
ML, and is reversed at the “reversal temperature”, Tr (within the phase-coexistence region). The

RRM protocol, shown in Figures 1a (R vs. T) and 1b (heating-and-cooling protocol), begins with



a number of MLs that overlap (red lines, measured between 100K to 200K, only the last is shown

in Figure 1b), indicating that the R vs. T measurements are reproducible and stable. This is
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Figure 1. Ramp-reversal in V203. (a) Color coded R vs. T of full ramp-reversal sequence and
(b) the corresponding Time (y-axis) vs Temperature (x-axis). Color coding: red — first ML;
graded grey to black — RLs; blue — ML following the three RLs; dashed cyan — another ML
(only heating). Perpendicular black line marks Tr = 154.1, in all panes. Inset is zoom-in on Tr
region. (c) Additional zoom-in of the Tr region. Arrows mark AR and AT. d) Plots of AR/R
(green, left axis) and AT (purple, right axis) vs T after the RLs (solid lines), showing RRM
peak; and after the following ML measurement (dotted lines) showing that the memory was
erased.



followed by three successive RLs with Tr = 154.1 K, plotted as increasingly darker grey lines. Tr
is plotted as a perpendicular dashed line, for reference. Each subsequent loop develops a rise in
resistance close to Tr relative to the previous, see Figure 1c for a zoom-in around Tr. The next
heating ML, plotted in blue, shows a relative increase in resistance with a maximum in the vicinity
of Tr, best observed in the inset of Figure 1a. The final heating ML measurement, dashed cyan
line, best seen in Figure 1c, recovers the initial R vs. T, demonstrating erasure of the RRM by
heating above Tr.

Figure 1c presents two possible analyses of the RRM signal, with the red curve being the
virgin ML and the blue the ML right after the RLs. For each temperature one can extract either an
increase in resistance, AR (green arrow), or the temperature shift needed for the virgin resistance
to reach the RRM induced resistance, AT (purple arrow). Figure 1d presents the relative change in
resistance — AR/R (used previously for RRM analysis), and the effective temperature shift — AT,
as a function of temperature (solid lines, color coding in figure description). Both plots show an
increase in the vicinity of Tr (Tr is marked by the black perpendicular dashed line). We plot and
discuss the AR vs. T analysis below. The erasure of the memory, due to heating above Tg, is
evidenced in the analysis of the following ML (dotted curves, same color coding), where the peaks
vanish. In V203, as demonstrated previously for VO, and NdNiOs, RRM memories written at
different reversal temperatures can exist concurrently when written in a specific order, [8] see
Supplemental Material Figure S2 [36]. We note in passing that there is no memory effect when
performing the ramp reversal on the cooling branch, see SM Figure S3 [36]. This is similar to what
was previously shown [8] in VO2 and NdNiOs.

Figure 2 shows a comparison of different analyses of the RRM signal, AR (Figure 2a),

AR/R (Figure 2b) and AT (Figure 2¢). We present similar analysis for VO; in SM Figure S4 [36].



The RRM was measured following ten RL cycles and at three different reversal temperatures, at
the beginning (blue, Tr=148.3 K), center (red, Tr=154.3 K) and end (green, Tr=162.3) of the IMT.
The vertical dashed lines mark the three reversal temperatures. The TCR (Figure 2b, black line
and right axis) is plotted for comparison.

The three curves in the AR analysis, Figure 2a, show large fluctuations at low temperatures
and peaks correlated with their reversal temperatures (Trs are marked by grey dashed lines). The
peak of the high Tr measurement, green curve, is rather small (a few Ohms), it can be observed
only in the zoom, inset of Figure 2a. The amplitude of the reversal-temperature peak is proportional
to the amplitude of the resistance at that temperature. Thus, for the red and green curves the peak
is much smaller than the measurement fluctuations, which are nominally larger in the insulating

phase.



Figure 2. Comparing RRM analyses
methods for three different reversal
temperatures. a) AR vs T, b) AR/R vs. T
and c¢) AT vs. T. The three reversal
temperatures (with ten RLs) are: 148.5K
(blue), 154.5K (red) and 162.6K (green),
corresponding to the beginning, middle
and end of phase transition, respectively.
Tr values marked by perpendicular grey
dashed lines. The inset in (a) is a zoom-in
for TR = 162.6K. The TCR is plotted in
black in (b), right axis.
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The AR/R analysis, Figure 2b, removes this resistance dependence. The AR/R curves also
show peaks correlating with their reversal temperature. The low-temperature fluctuations are now
suppressed, but the curves have additional features beside the peaks, e.g., there is a second
maximum in the blue curve and a minimum in the green curve. The Tr-related AR/R peaks'
amplitude no longer scale with the resistance (at Tr), they now follow the magnitude of the TCR
at the reversal temperature. [8] Note that the additional features are most pronounced where the
TCR is large. Additionally, the AR/R maximum shifts slightly away from Tr and toward the TCR
maximum, best seen in the red curve in Figure 2b, and for VO2 in SM Figure S4 [36]. The AT

analysis is presented in Figure 2c. The maximum signal for all three curves occurs at the



corresponding Tr, and their amplitude is not related to the TCR. The curves of AT may appear
wider in some cases (compared to AR/R). There is some noise in the curves, but these additional
features are smaller than the Tr-related peaks. A comparison of the AT and AR/R analyses of
different materials (V20s3, thick and thin VO and NdNiOs) is presented in SM section S5 [36].
The AT amplitude is found to be of similar scale in all materials, while AR/R is dominated by the
different TCRs and therefore prohibits comparison. The comparison between different analyses is
further addressed in the discussion.

An analysis of the AT signal as a function of the number of reversal loops at different Trs
is presented in Figure 3. Similar measurements for VO thin films are shown in SM section S6 [36].
Figures 3a and 3b show the change in AT for increasing number of RLs, one through twenty (color
coding appears in figure), for Tr near the beginning (148 K, Figure 3a) and the end (164 K, Figure
3b) of the IMT. AT is larger at the beginning of the IMT compared to the end. In both cases, there
is a substantial increase in AT between one and three loops, but the increase is less pronounced
with additional RLs, especially when Tr is near the IMT end. To follow the evolution of AT, we
plot in Figure 3c the maximum AT, ATwmax, as a function of number of RLs. Note that at the

beginning of the IMT (red) the RRM magnitude continues to increase with loop number, whereas
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Figure 3. Ramp-reversal analysis for different temperatures and number of RLs. a, b) AT vs. T
at two reversal temperatures (a) 148K and (b)164K, for different numbers of RLs from one to
twenty. Color coding appears in b). ¢) Maximum value of AT peak (ATwmax) as function of
number of RLs for temperatures along the transition. Color coding of temperature appears in
figure.

towards the end of the IMT (blue) the effect is smaller and saturates faster with number of RLs.

We discuss these features in detail below.

DISCUSSION

The hypothesized model for the origin of RRM is based on "scars" developing at the
coexisting metal-insulator phase boundaries as the temperature ramp-reversal is performed. [8]
These scars modify the local Tc (plausible, due to local strain changes [25,30-32]). In the case
presented herein, the scars modify the unperturbed R vs. T curve by delaying the growth of metallic

domains during the next heating process, i.e., increasing the local Tc. This delay appears as a

11



relative resistance increase. When the system is heated sufficiently above Tg, the scars are
"healed", and the memory is erased. Ideally, an analysis of the RRM signal (Figure 1d, Figure 2
and SM Figure S2 [36]) should reflect the effects of the scars and their increase of local Tc. The
AR magnitude is proportional to the film resistance at each temperature. The normalized AR,
AR/R, correlates with the TCR — which is the rate of resistance change during the IMT. Thus, they
do not portray solely the effect of scars and the properties of the RRM. However, the AT analysis
can naturally capture the scars' contribution to local changes of Tc. Note that the measured effect
of local increases in Tc by the microscopic scars on the macroscopically measured AT may be
complex. This is analogous in nature to effects that local changes in resistance may have on
macroscopic resistance measurements. [37] Having more regions with local increases in Tc or
having a larger increase in Tc — will both lead to measurements of a larger AT. Thus, different
models corresponding to any theoretical scenario can now be developed and tested by comparing
to the AT analysis. In general, such models must consider that the resistance measured is of a
percolation network. Note that AT is not exactly AR/R normalized to the TCR, see SM section
S8 [36] for details.

The effects of the Tr and number of RLs on the magnitude of the RRM can be analyzed in
the framework of the scar-model. V203 and VO transition through nucleation-and-growth of
metallic domains in the insulator phase during heating (or insulating domains in the metallic phase
during cooling). [33-35] The metallic domains nucleate at random positions (with possible
correlations) during the IMT. [12,33,38] The nucleated domains continue to grow during heating,
while new metallic domains nucleate within the remaining insulating phase. We model the
contribution of scars and the percolative IMT on the RRM signal as follows (see SM section

S7 [36] for a detailed description): 1) We assume that metallic domains nucleate at random points

12



during the heating cycle and grow with temperature. 2) During the temperature ramp-reversal,
scars are formed at each metal-insulator phase-boundaries, which remain when the sample is
cooled. 3) In the next loop, again, nucleation occurs randomly, and metallic domains grow when
heated. 4) The growth of the new domains are hindered by the scars (created in previous RLS).
Within this model, the free parameters are the temperature dependent probability for
nucleation of sites, and the temperature dependent growth of these sites. We assume that the

nucleation of sites follows a Gaussian distribution with the center Tavg, When the metallic fraction
is 0.5, oT, chosen as half the transition width, and N, the total number of nucleations (nucleation

density). We also assume that the nucleated regions grow linearly with temperature in all
directions, therefore growing quadratically, Rsie=A-dT. R is the site radius, dT is the change in
temperature from nucleation, and A is a scaling parameter. The parameters N (nucleation density)
and A were refined to emulate the metallic fraction extracted from the experimental R vs. T
measurements as shown in Figure 4a. The simulated transition (purple) reproduces well the
experimental metallic fraction (green line), that was extracted using the effective medium
approximation. [34,39] Thus, there are no free parameters for the scar simulation. Further details
of the model can be found in the S7.[36] Figure 5b shows the normalized total scar length
(boundaries of nucleated sites) for different Tr and for different number of consecutive RLs. The
correlation between experimental AT (Figure 3c) and simulated scars’ length (Figure 4b), indicates
a linear relation between the two. The simulation reproduces the experimental AT for the entire Tr
range and the number of RLs, except for some deviation at the lowest reversal temperatures, where
the metallic fraction also deviates (see Figure 4a).

The behavior of AT is well accounted for by scar-creation at phase boundaries. Figure 4c

shows the simulated scars created for low (148K) and high (164K) reversal temperatures and after
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Figure 4. a) Plot of metallic fraction vs. temperature extracted from the effective medium
approximation (EMA) compared to the simulation using the fitting parameters (see SI section
S6). b) Normalized length of scars (“Scarring Length”) at different Tr along the IMT as a
function of number of reversal loops. ¢) Spatial image of simulated scars (black lines) created
at different temperatures (148K and 164K) and for different number of RLs (two and forty).

few (two) or many (forty) RLs. At low temperatures, near the beginning of the IMT, the metallic
domains are small and therefore leave more space for the creation of new scars in subsequent loops
through new nucleation sites. This leads to an increase in the total length of scars vs. number of
RLs, and requires more RLs to saturate. This is shown in the bottom panels of Figure 4c. At high
temperatures, near the end of the IMT (see top panels of Figure 4c), the metallic domains are larger
and leave less space for the creation of new scars with each loop. As a result, the system reaches a
saturated state after a few RLs. Our results also indicate that the scars must be much smaller than
the domains they surround, indicating that they are of sub-micron scale. Additionally, there is no
indication that the increase in local Tc from the scars changes with reversal temperature.

We note that the scar-model of the RRM is able to well-explain the measurements reported
herein and previous results. However, it is a heuristic model and as such, is not material specific
and cannot provide quantitative, system specific predictions. For this, a first principle theoretical

model that is dependent on explicit material properties is required.
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In summary, we report the existence of the RRM effect in V203 thin films that were known
to have properties crucial for the memory effect, corroborating the generality of the RRM. We
present an analysis of AT, which provides a measure of the effective local Tc increase induced by
the scars appearing at the phase boundaries. Using this methodology and numerical simulations,
we study the evolution of RRM with number of RLs at different reversal temperatures across the
IMT. We demonstrate that the changes in RRM magnitude correlates well with the length of scars
formed during the ramp-reversal. These results imply that scar formation and healing provide the
mechanism for the RRM, and local sub-micron strains in the scars are a plausible driving force.
Our findings support a general mechanism behind the RRM, suggesting it should appear in any

system exhibiting a first-order metal-insulator transition coupled to a structural phase transition.

METHODS

Film Deposition: Growth of 50 nm V203 thin films was performed at a substrate temperature of
700°C by RF magnetron sputtering in 8 mTorr of ultra-pure Ar using a home-made V203 target.
After sputtering, the samples were promptly removed from the substrate heater and rapidly cooled
at an initial a rate of ~90 K/min. More details and structural analysis of the films can be found in

ref. [30]

Details and characteristics for VO samples can be found in the SM section S1 [36] Ref. [40] and
previous work. [8,36] Electrodes for transport measurements were wire bonded directly to the
films.

Transport Measurements: Measurements were acquired in three different measurement systems:
commercial QD- PPMS, commercial Janis closed cycle refrigerator and home- made insert, all
showing similar results. R vs. T was performed in a four- probe geometry. A constant current

source (with voltage compliance of 10V) was used to avoid excess Joule heating when the
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transition to the metallic phase began. The R vs. T measurements were performed while
continuously sweeping the temperature at 3K/min. A range of ramp rates from 0.5-10 K/min were
tested to confirm reliability of temperature sensor and correlation of sample temperature to sensor
temperature, to ensure accuracy and reproducibility. There were only slight changes in the
magnitude of the measured ramp reversals. The usage of 3K/min was to optimize measurement
time and accuracy (noise). Comparison of the different ramp rates are shown in SM section

S9. [36]
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