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Imaging of current crowding effect across the metal to insulator transition
in a NdNiO; thin film with thickness gradient
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The metal-insulator transition (MIT) phenomenon in materials is associated with a complex interplay of
electronic correlations, magnetism, and strain effects. We image the current distribution around MIT in NdNiO3
thin film with a thickness gradient. Above the MIT temperature, we observe a homogeneous current distribution
implying the film is uniformly metallic. Below the MIT temperature, an insulating phase forms and spreads from
the thicker to thinner regions of the film, leading to a nonuniform current distribution. A thickness variation
induced strain distribution causes a spread in the local MIT temperature across the film. Our analysis shows
the bulk resistance represents changes in the area of the metallic phase across the MIT. Our study suggests that
the MIT in the nickelate film is a first-order transition from a paramagnetic non-Fermi-liquid metallic to an
antiferromagnetic insulating phase. Strain distribution across the film broadens the transition.
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I. INTRODUCTION

Metal-insulator transition (MIT) phenomenon continues to
be an active area of research [1-3]. This transition is sensitive
to variation in carrier concentration [4,5], structure [6-8],
magnetic state [9,10], strain [11], pressure [12], or externally
applied magnetic field [2]. Imaging studies in different mate-
rials have revealed that the MIT is associated with a nanoscale
phase separation between metallic and insulating phases,
with each phase having a different magnetic order [13-17].
Whether the phase separation is strain driven or intrinsic has
remained a complex issue. Rare-earth nickelates (RNiO3, R =
(# La), Pr, Nd, Sm, Eu) are an interesting class of strongly
correlated materials exhibiting MIT [8,18-23]. Nickelates’
MIT temperature (7),;) is tunable via rare-earth ion substitu-
tion, hydrostatic pressure, or epitaxial strain [10,18,24]. The
high sensitivity to structural distortions makes these materials
suitable for strain transducers and thermal switches [7,10,25].
In nickelates, there are alternating ferromagnetic and antifer-
romagnetic couplings among neighboring Ni ions [26-28].
Among these, NdNiO3 (NNO) is a fascinating material that
exhibits structural, electronic, and magnetic transition around
T, [7,10,25]. The effect of film thickness and deposition
temperature on MIT has been extensively studied [29,30]. The
MIT in thin films of NNO shows nanoscale phase separation
and striped nanodomain structure along the atomic terraces,
indicating a strong coupling between structural and electronic
degrees of freedom in this system [17,31]. We explore here
the effect of strain on the MIT transition due to nonuniform
thickness variation.

We use the self-field magneto-optical-imaging (SF-MOI)
technique to image the current distribution across an average
MIT temperature, 7, = 124 K in NNO film on LaAlO;
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(LAO) substrate. The T},;* represents the average MIT seen
from bulk measurement techniques like magnetization and
electrical transport measurements which measure the average
response of a sample. The film has a higher thickness on the
left side compared to the right. Our current imaging studies
show the onset of spatially inhomogeneous current distribu-
tion at T < T,%. For T < T,;® there is a nucleation and
growth of the insulating (/n) phase within a predominantly
metallic (M) phase. The M-phase first transforms into the In
phase in the film’s highest thickness region and subsequently
in the lower thickness regions. Observation of the current
crowding effect reveals a sliver of M phase surviving in the
thinnest region on the film well below the MIT. The behavior
of the bulk resistance measurement represents changes in the
area of the imaged M phase across the MIT. Our measure-
ments suggest the MIT in NNO is a broad transition from a
paramagnetic (PM) non-Fermi-Liquid (NFL) metallic phase
to an antiferromagnetic (AFM) insulating phase. The broad-
ening is strain driven.

II. RESULTS AND DISCUSSION

A high-quality epitaxial thin film of NNO with dimensions
2.9 mm x 2.1 mm was grown on a LAO (100) substrate
using pulsed laser deposition (PLD) [for details, see the Sup-
plemental Material SI-1(I) [32]]. The film was grown with
thickness variation along the film’s width. The average thick-
ness of the film was 50 £ 14 nm. Fig. 1(a) shows XRD
0—26 plot of the NNO/LAO (100) film. X-ray diffraction
(XRD) shows the LAO substrate and the NNO peak, in-
dicating phase purity and epitaxial film growth along the
(100) direction. XRD-w, ¢ scan measurements also show high
crystalline quality in our NNO/LAO sample [for details, see
SI-1(II) [32]]. Along with SF-MOI, R(T') measurements were
performed using two probe measurement techniques. Tech-
nical constraints related to performing both measurements in
the same setup prevented the use of four-probe measurements
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FIG. 1. (a) XRD 6—20 plot of the NNO/LAO (100) film. (b) R (T') during the cooling cycle with a constant current of 5 mA. Inset shows
dR/dT to determine MIT temperature. The yellow shaded region below 124 K corresponds to /n phase (see text for details). (c) Magnetization
versus T, m (T'), of the NNO film with an applied field of 1 kOe during cooling. Note that m(T') of the bare LAO substrate was subtracted from

m(T) of NNO/LAO.

for R(T). We find that by comparing two- and four-probe
measurements, the contact resistance was ~10 m2 which is
much smaller than the lowest resistance of the film of 25 Q
at the metal-insulator transition 7', thereby validating the use
of two-probe R(T) measurements. The R(T') measured with
5 mA current while cooling the sample in Fig. 1(b) shows
a rapid increase in R below ~124 K. While cooling from
280 K, we see a positive temperature coefficient of resistivity
(TCR, dR/dT) with average resistivity prgox = 1.8 ©2 m.
The positive TCR and an extrapolated nonzero resistivity at
0K, pox = 0.4 12 m (discussed later) identifies an M-phase
region in Fig. 1(b). We identify the average mean-field MIT
temperature, 7,,;° = 124 K, from the low-temperature TCR
curve [see inset Fig. 1(b)]. Below 124 K, the TCR is nega-
tive, suggesting the onset of an I/n phase [shaded region in
Fig. 1(b)]. The temperature-dependent magnetization, m(7")
in Fig. 1(c), shows the NNO film is paramagnetic (PM) at
T > 160 K. While field cooling in 1 kOe, the strong decrease
in m(T) below 124 K suggests a dominance of AFM inter-
actions. It is known that NNO has unusual AFM order along
q= (%, 0, %) with respect to the orthorhombic unit cell and
an up-up-down-down ferromagnetic (FM) stacking along the
simple cubic (1,1,1) direction [26,33]. Thus, the NNO film
displays a competition between FM and AFM interactions
near 124 K, with the latter dominating at low 7.

Figures 2(a) shows the optical image of the film with
electrical contacts shown schematically. Fig. 2(b) shows the
thickness profile 7(x) measured along the white dashed line
(x) in Fig. 2(a) (Dektak XT advanced surface profilometer).
The inset of Fig. 2(b) shows the different regions (A, B, C, D,
and E) in the film with nearly similar average thickness.

To visualize current distribution in NNO film across 7,5,
we use the differential self-field magneto-optical imaging
(SF-MOI) technique [34-36] [see SI-1(IIl) for details of
the method [32]]. The SF-MOI technique measures the spa-
tial distribution of the z component of the self-field, viz.,

B?e] f(x, y) [where (x, y) are co-ordinates on the film plane,
and z is perpendicular to it], generated by the current (/) sent
in the film. Figure 2(c) shows a schematic of B,;(x) profile
(along the x axis) for uniform / along the y axis. The orange
and light blue arrows represent positive and negative B, (x),
respectively, and the arrow height represents the magnitude of
Bgelf(x). The inset of Fig. 2(d) is a typical SF-MOI image of
Bgelf(x, y) across the NNO film (/ = 15 mA and T = 165 K).
The white and black contrast in the image represents the
maximum positive and negative B, ;(x) values, respectively.
The measured B%,(x) profile (along the line in inset) in
Fig. 2(d) has a shape that is characteristic of a uniform current
distribution (see Fig. 2 of Ref. [37]). Using an established
numerical inversion algorithm [38], the current density dis-
tribution J (x, y) across the film is determined by numerically
inverting B¢ (x, y).

The B%, #(x, y) distribution across the M phase in the film
at 174 K [viz. M-phase region in Fig. 1(b)] is shown in
Fig. 3(a). Fig. 3(b) shows the B%,(x) profile along the red
dashed line in Fig. 3(a) [at other T, B, ;(x) is measured along
the same line]. The Bgelf (x) profile shows uniform current flow
across the film at 174 K (> 7,;;%). The measured profile and
images remain similarly well above 7,;;* = 124 K. However,
near 7y, [M-phase region in Fig. 1(b)], the B%,;(x) profile
in Fig. 3(c) develops extra wiggles. Around T}, (= 124 K),
near the top left of the SF-MOI image (circled) in Fig. 3(a),
we see the development of a faint triangular-shaped feature,
which becomes more pronounced at 121 K. Deep in the In-
phase region, viz., for T < T,,;%, the triangular-shaped feature
becomes more prominent. The BZ,:(x) profile at 118 K in
Fig. 3(d) shows the modulation across the sides of the trian-
gular region. Reducing 7', Fig. 3(a) shows that the triangular
region expands deeper into the film and the left edge of the tri-
angle expands across the left side of the film [see the evolution
from 121 to 65 K in Fig. 3(a)]. In comparison, the right edge of
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FIG. 2. (a) Optical image of the NdNiO3 thin-film on the LAO substrate with the Cr (5 nm)/Au (50 nm) pad. The red dash shows the
sample boundary. (b) Thickness variation of the sample along the white dashed line (x) of (a). Black dashed lines are two side edges of the
sample, where we have cut out the film to provide sharp edges. Inset shows the schematic map of the average thickness in different regions (A,
B, C, D, and E) of the sample. The average thickness is represented by a different color code in the schematic map of the sample, and the white
dashed line represents the same line [as in (a)] along which thickness profile is measured. (c) Schematic of the self-field distribution Bgelf (x)
(orange and light blue vertical arrow) due to uniform current flow through the sample (the sample shape in the schematic is kept identical to
the actual contours of the film used in our experiment) and (d) shows experimentally observed Bfe“- (x) distribution along the red dashed line
in SF-MOI of the film shown in the inset of (d) at 165 K. Dark green dashes are the edges of the sample.

the triangle does not move much with reducing 7. The B, (x)
behavior with T is related to a significant redistribution of
current in the film below T}, /®.

Figure 3(f) shows the J(x, y) map determined from the cor-
responding B%,(x, y) images. The orange and green contrast

in Fig. 3(f) corresponds to the film’s high and low J(x,y)
regions, respectively. In the M-phase region at 174 K
[Fig. 3(f)], the flat J(x) profile in Fig. 3(g) shows a uniform
J(x,y) distribution across the film. This feature is retained
up to T,,%. Below T);;%, current crowding begins to set in
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FIG. 3. (a) SF-MOI images of the sample taken at different temperatures with a current of 15 mA flowing through it. The black arrow in
the image at 174 K indicates the current flow direction within the sample. (b)—(e) The line scans of Bgelf(x) profile along the red dashed arrow
for images at 174, 124, 118, and 65 K, respectively. (f) Current density J(x, y) map across the sample for different temperatures. The arrow
in the figure of 174 K shows the / direction. The arrows in 121 K show the bifurcation of current at the triangular region. The symbols ®, ®
near the edges of the triangle represent B%,,; pointing either in or out of the page plane, respectively. (2)-(i) J(x) profile along a white dashed
line for images at 174, 118, 65 K, respectively. The J,, in the color bar of (f) is the peak in J(x) profile in (i). The J(x, y) distributions in the
images [(f)] have all been normalized by J,,,.x and then colored. See text for details.
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the NNO film. At 124 K, there are faint reddish regions
with enhanced J(x, y) [see inside the white dashed circle in
Fig. 3(f)] around the edges of the triangular-shaped (green-
ish) region in Fig. 3(f). The current avoids flowing inside
the greenish triangular region, and hence there is crowding
along its edges where J is high. At lower 7', triangular region
expands, and current accumulation around the triangle edges
becomes larger [see the orange regions in Fig. 3(f), 118 K].
The greenish triangular regions are the In phase with high
resistivity nucleated at 7};,°. The appearance of the In phase
over the entire greenish region of the sample is quite sharp
and abrupt at 7}, suggesting a first-order transition. As the
In phase appears, the J in this region is swept out, and it accu-
mulates around the edges of the triangular region. Below 124
K, the triangular region with an /n phase (current free region)
causes the current flow to split into two separate streams [cf.
arrows Fig. 3(f), 121 K] along the sides of the triangle. Due to
the two streams, the orientation of the B, ; (right-hand rule) is
opposite along the two sides of the triangle [cf. Fig. 3(f), 121
K]. This is seen as bright and dark contrasts in B, images
along the two adjacent edges of the triangle [e.g., see the 118
K, 121 K B%,, image in Fig. 3(a)]. The movie in SI-2 of the
Supplemental Material [32] shows in grayscale the evolution
of the accumulation B (x, y) across the sample at different
T. Fig. 3(f) shows that at 65 K (< T,,;*) while almost the
entire film has transformed into an insulating state (dark green
region); however, there is a narrow orange sliver near the
right edge of the film with large J(~10'" A m~?), which is
still metallic (orange region). Significant joule heating from
this M sliver along with long image acquisition times coupled
prevented imaging under isothermal conditions below 65 K.
It may be worth mentioning here that in order to color our
J(x, y) images, we divided the range of current density values
into separate bins, where each bin corresponding to a range
of current density values was ascribed a specific color. Thus,
this discretization scheme and the coloring choice resulted in
some regions appearing as sharp boundaries in the colored
images of the J(x, y) distribution. Despite the impression of
sharp boundaries in the colored images, the current density
profile [e.g., see Fig. 3(h)] shows that the J changes smoothly
rather than abruptly across such boundaries.

In NNO, two processes compete: charge hopping across
3d levels of Ni, which is governed by the charge transfer
energy (A), and hybridization of O 2p and Ni 3d levels
governed by the hybridization strength W [39,40]. In general,
the strain-thickness relationship in nickelates is responsible
for lifting the degeneracy of the e, orbital and leads to orbital
polarization, which in turn controls the MIT [11,30,41-45].
Recent studies reveal a rich phase diagram in NNO consist-
ing of the paramagnetic metal (PM)-NFL phase, the PM-FL
phase, and the AFM-insulator phase [11]. It has been found
that for fixed compressive strain, as the film dimensionality
(viz., t) is reduced, enhanced correlation effects increase A
(compared to W), and the 7, increases, viz., favoring an In
phase to appear at relatively higher 7. On the other hand,
an increase in compressive strain broadens Ni-O bandwidth,
which enhances W (compared to A) resulting in a decrease of
Ty;»viz., favoring the M phase to prevail at low T. Studies
in rare-earth nickelates have suggested a critical ¢, [29,39]
where for ¢t > t, ~ 20 u.c. strain effects dominate, resulting

in decreasing T),; with decreasing ¢ [11,29,39]. Note that both
sides of our film have 7(x) > f. =20 NNO u.c. (~9 nm).
Another alternate scenario that can produce a variation of MIT
transition temperatures across the film could be related to the
presence of regions with different crystalline quality, and there
may also exist a variation of oxygen concentration across
the film. We eliminate the possibility of the bad crystalline
quality of the film, as XRD-w, ¢ scan measurements in our
NNO/LAO sample show high crystalline quality with homo-
geneous epitaxial film growth [for details, see SI-1(I1) [32]].
Regarding oxygen deficiency in the film, it is worth recalling
here that in nickelate films, oxygen deficiency is found in
tensile-strained films [46], whereas we have compressively
strained films. Also, our entire film was subjected to identi-
cal growth conditions, and hence it is unlikely that different
regions of our film have different oxygen stoichiometry. Our
electron probe microanalyzer (EPMA) measurements show
that at the most, there may exist up to a 0.5-1% variation
in oxygen concentration across the sample. Such very low
fluctuation in oxygen concentration is not the source of the
large difference in T, between the left and right sides of the
film [for details, see SI-1(V) [32]]. In regions of the films
where we observe minor oxygen concentration fluctuations,
there is no discernable difference in the 73;; seen in SF-MOIL.

Hence, strain effects will determine the local behavior of
T,;;(x) on both sides of the film [39], and there will be a
minimal effect of the dimensionality and effect of oxygen
stoichiometry on the 7),,. Our results suggest a competition
between A and W. From the XRD peak positions [Fig. 1(a)],
the lattice mismatch between NNO film and LAO substrate
in the out-of-plane direction is ~0.74%. Furthermore, the
reciprocal space map (RSM) [47] about the asymmetric (301)
Bragg’s peak in Fig. 4(a) shows that the substrate and film’s
(301) peak lie on the same pseudomorphic line (cf. orange
dashed line). The observed collinearity of peaks in the RSM
indicates a forced matching of the in-plane lattice parameters
of NNO and LAO. This suggests a fully compressed-strained
state of the NNO film. Our results are explained based on the
nonuniform distribution of local 7),, values due to thickness
variation across the film [see inset of Fig. 2(b)]. The #(x) pro-
file in Fig. 2(b) (and inset) shows the film is thickest in region
A. The film thickness in region B > C > D > E. At 300 K,
the whole sample is metallic, and the current flows uniformly
across the film [Fig. 3(f), 174 K]. Lowering T < T,;/%, the In
phase [green region in Fig. 3(f), 124 K] first forms over the en-
tire triangular film region A [Fig. 2(b) inset] with the highest
but uniform film thickness. With further lowering of 7', the In
phase spreads to region B followed by regions C and D [com-
pare inset Fig. 2(b) with the evolution of the triangular region
in Fig. 3(a) or the greenish region in Fig. 3(f)]. This continues
until the entire current is localized in the thinnest right film
edge [cf. region E in inset of Fig. 2(b)] of the film where the
M phase persists [see orange, high J sliver in Fig. 3(f), 65
K]. It is well known that average compressive strain relaxes
with increasing film thickness, i.e., approximately, average
strain e % Fig. 4(bi) schematically shows an example of
a MIT behavior in a film with a nonuniform average strain
field e(x, y) distribution. At high T the entire film is metallic.
However, as discussed earlier, the presence of e(x, y) causes
the T;,, to vary locally across the film. As T is decreased,
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FIG. 4. (a) The reciprocal space map of NdNiOs thin film along the asymmetric (301) reflection of the LAO substrate. (bi) is a schematic
example showing average strain e (x, y) variation across the sample. At 300 K, the entire sample is in M phase. (bii) shows the formation of
In phase (dark green region) at 7, in the low-strain region and its spreading (light green region) across the high-strain regions of the MIT,
T < T};V,g. (c) Average cross-sectional area (A) of the sample calculated from transport (A’,‘{ ) and SF-MOI (A,) measurements (errors in the
data are of the order of symbol size). Inset shows R(T") cooling and heating curve with a current of 5 mA, exhibiting significant hysteresis in

MIT temperatures. The MIT temperature while heating is 148 K.

different regions of the film transform into the /n phase when
T < local Ty [see Fig. 4(bii) at T < T,;%]. Thus, the thickest
film region A has the least average strain, and it has Ty ~
124 K =T,;;*. Due to progressively decreasing thickness in
film regions B, C, D, and E, the progressively increasing strain
in those regions result in Tj;; (in region B) > Ty, (in region C)
> Ty (in region D) > Ty (in region E). Hence we observed
sequential spreading of the /n phase from region A to B, C,
D, and E, respectively. To support our claim of strain field
scenario, we have grown four uniform-thickness samples (35,
45, 60, 240 nm) with the same deposition conditions. Our
XRD, RSM measurements show that the compressive strain
in the films reduces progressively with increasing thickness
[see SI-1(IV) [32]]. R(T) measurements along with the above
RSM results clearly show that higher compressive strain in
uniform, low thickness nickelate thin films result in a lower
Ty compared to more relaxed thicker thin film where the
Ty — T [see SI-1(IV) [32]].

Next, we show the change in R(T') below 7,;;* does not rep-
resent the increase in the average bulk resistivity of the film, as
expected in MIT. Fig. 1(b) shows that for 7 > 7,;;* the metal-
lic phase has a temperature-dependent average resistivity of
the form p(T) = p(0) + BT", with p(0) = 3.82(+0.01) x
1077 Qm and B = 1.99(£0.01) x 10° Qm/K, and n =
1.0 £ 0.1. The n < 2 suggests NFL behavior which is consis-
tent with earlier reports on NNO film [11]. We now show that
the increase in R(T) below T,;® is related to the narrowing
down of the average film’s cross-section area, which carries
current. From p(T) we calculate the T dependence of the
average cross-section area [A%’ (T)] of the metallic region,

which is perpendicular to J, viz., AII‘{ (T) = % where L
is the length of the film [open blue square in Fig. 4(c)].
Also, directly from our J(x, y) images of Fig. 3(f), we can
estimate the T dependence of the average cross-sectional area
perpendicular to the current flow A;(T') [closed red circle in
Fig. 4(c)] [see SI-1(VI) [32]]. Atlow T < Ty, where there
is less error in determining A;(7'), we see a good match be-
tween A¥ (T) and A, (T'). The close match between the AY (T')
estimated from the R(7") data using the above considerations
and the A;(T) which have been measured directly from the

self-field images validates the procedure used to calculate
AM(T). This shows that the R(T) behavior below T,;;* rep-
resents a change in the cross-sectional current-carrying area
(viz., the M-phase region). Thus the M-phase area drops
rapidly below 7,;;® [Fig. 4(c)]. This observation, together with
the strong hysteresis in R(T) [see the inset of Fig. 4(c)], which
corresponds to hysteresis in A¥ (T), suggests a first-order na-
ture of the MIT in NNO film. Studies suggest unclarity about
the nature of the MIT in nickelates and what affects it. Some
studies indicate a first-order nature of the MIT [30,43,44,47—
50], especially locally, while it could be second-order-like
as seen in bulk measurements [14]. Our measurements show
that the MIT in nickelates is a first-order-like transition. Due
to the ever-present strain distribution in the film, there is a
broad distribution of 7},,(x, y) across the film. This results in
the MIT occurring at slightly different local T,,,(x, y) values
across the film [Fig. 4(a)], albeit still a first-order transition
locally. The feature we observe, viz., strain-induced broaden-
ing of the MIT showing smaller local first-order transitions,
is reminiscent of the effect of disorder-induced broadening of
a sharp order-disorder transition by formation of intermediate
multiple smaller domains with order [51].

III. CONCLUSION

In conclusion, in the strongly correlated NNO on LAO
film, the film’s dimensionality (thickness), stoichiometry, and
strain field are the major players in governing the behavior
of the MIT. In our film with a thickness gradient, we show
that there is a significant difference in the MIT temperature
between the thick and thin portions of the film. Our inves-
tigations reveal that neither the film’s dimensionality, which
has a tendency to modify correlations and affect the MIT,
nor the film’s stoichiometric variations is responsible for this
difference. We show that it is the local strain field that plays
a dominant role in governing the features of the MIT, and
it helps to control the spatial distribution of currents across
a metal-insulator transition (MIT) in the film. Such studies
could have important implications for strain-controlled ap-
plications involving such materials. More future studies are
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needed to understand the intriguing details of the MIT in such
systems.
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