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Abstract

We have used combinatorial molecular beam epit&@MBE) technique to deposit thin
cuprate films with continuous spread in chemicahposition, as well as nominally uniform
films. We have patterned them into linear pixebgsrand measured the transport properties of
each pixel. We applied detailed statistical analysi differentiate between various possible
sources of random pixel-to-pixel variations, anidiagd this knowledge to considerably tighten
the process parameters and significantly reduck gadations. The density and quality of data
points is high enough to allow detection of quantphase transitions induced by tuning the
chemical composition.

l. INTRODUCTION

The existence of quantum critical points in vari@amdensed matter systems is an area of
major interest to modern physics.[1-5] Just aduwlies of classical critical phenomena, it is es-
sential to have a high density of experimental {gonear the phase transition in order to properly
characterize the critical exponents and the naifitee transition. In certain solid-solution mate-
rials including many complex oxides currently undgense study, quantum critical points are
suspected to exist as a function of the chemicalpasition.[6-14] It thus becomes imperative to
achieve high-resolution control of stoichiometryt bhis is difficult if one sticks to traditional
methods of synthesis of bulk materials, especiallsingle-crystal form.

We have embarked on a project to detect and claizstquantum phase transitions as a
function of chemical composition in superconductiogides.[10-14] Here, we focus on
La,—xSCuQ, (LSCO), a high-temperature superconductor withctiitecal temperature reaching
the maximum T~ 40 K for x~ 0.15. Our approach is to use the combinatoriakmgar beam
epitaxy (COMBE) with a continuous spread in cheingzamposition across the wafer. [15,16]
We pattern such films into linear arrays of litheginically defined samples with minute pixel-to-
pixel variations in composition. This is complenmeghby a high-throughput/high-precision char-
acterization of such one-dimensional (1D) combinatcsample libraries. [17] The technical
goal is to increase the resolution of chemical cositpn (here, the Sr doping level) and the
density of data points by a factor of hundred orendhe expectation is that this can reveal
some discontinuities or kinks in one or more of t@st relevant physical properties such as the



resistivity, the Hall coefficient, d the superfluid density, etc., induced by tunihg themical
composition in a quasi-continuous manner.

We note that combinatorial synthesis techniques Ha@en used extensively in search for
new materials, both organic and inorganic [18,1®}he complex oxide field, notable successes
include discoveries of new phosphors [20,21], ldgHectric constant materials [22], ferroelec-
trics [23,24] and dilute magnetic semiconductois 28]. However, we are unaware of previous
attempts to use this technique as a basic-reseaotfor studying quantum phase transitions.

In order to rule out experimental artifacts, onedeefirst to demonstrate the capability to re-
producibly fabricate sample libraries uniform ineahical composition and without any jumps
and kinks in the physical properties. Most of thiesent paper is focused on this first critical
benchmark for our approach. Our goal is to corttielabsolute variation of chemical composi-
tion to within 0.1%; no previous reports of oxidenf growth imposed so stringent requirements
on spatial homogeneity. This is a big demand nsttgm the film synthesis but also on every step
along the process chain, including cooling the dardpwn after growth, its subsequent anneal-
ing in ozone, various steps in the lithographiccess, sample characterization by physical prop-
erty measurements, as well as substrate and sdrapt#ing. A misstep anywhere in this chain
can cause substantial, random, pixel-to-pixel Wiamna of extrinsic origin, which make the sam-
ple unusable for the present purpose.

Ouir first test samples displayed lateral unifornaifythe resistance and the Hall coefficient of
better than 5%. In order to improve the sample ¢gnoand processing, it was necessary to look
within that small 5% variation window for clues itaproving the process. For this, we had to
develop new measurement techniques and, just aztamp, new statistical measures of sample
guality. These tools have made it possible to giyaand differentiate the deleterious effects of
variations in (i) the pixel geometry, including thien thickness and lithographically defined di-
mensions, (ii) the sample stoichiometry includingparticular the oxygen content, (iii) defects
and impurity scattering, and (iv) the contact resise. In this way, we were able, first, to resolve
the physical origin of pixel-to-pixel variations measured properties, and second, to tighten the
process control and reduce such variations by ameorder of magnitude. With this we have
reached our first milestone on the path of COMBErde for quantum critical transitions in
LSCO and other strongly-correlated electron mateginterest.

II.  FILM GROWTH AND PROCESSING

For film synthesis we employed a unique atomic fddyelayer molecular beam epitaxy
(ALL-MBE) system equipped with advanced tools forsitu surface analysis including reflec-
tion high energy electron diffraction and time-bgfit ion scattering spectroscopy. Although
main aspects of our ALL-MBE deposition system hbgen described elsewhere [15], it is use-
ful here to briefly recapitulate some of its baf#atures. The system has 16 elemental metal
sources aimed at a shallow angle®j20ith respect to the substrate. Since the depositite is
higher on the substrate side nearer to the metatepit is possible to deposit epitaxial thin ox-
ide films with substantial continuous combinatosptead in the chemical composition. [15, 16]
On the other hand, by using two sources of the salement placed in opposition and with
matched deposition rates, it is also possible tahgsize films which are remarkably uniform.



Journal of Superconductivity and Novel Magnetism 22, 797-804 (2009)

The actual deposition rate gradients can be medsurgtu by a built-in scanning quartz crystal
rate monitor (QCM). [15]

The system contains a second large vacuum chamefetedi to in-situ lithographic process-
ing, including ion-beam etching and electron-beapagition of metallic and insulating layers.
This chamber is installed in a clean room; substraan be prepared in a class 100 clean envi-
ronment and loaded into the system without suréacgamination. The growth chamber and the
processing chambers are connected via a transdenkgr, and the samples can be shuttled from
one to another without breaking vacuum. [15]

Using ALL-MBE we reproducibly fabricate single ctgkfilms of cuprates and other com-
plex oxides with atomically smooth surfaces aneriiaices; the typical surface roughness esti-
mated from atomic-force microscope images is 022Abn. [27-32] For this study we deposited a
number of single-phase films with different Sr amit The films were grown on single crystal
LaSrAlO, (LSAO) substrates polished with the surface pedpertar to the (001) crystallo-
graphic direction. The films were patterned usipgiaal photoresist and ion milling or chemical
etching as required. The pattern layout is showRigi 1. The width of the central strip is 300
um and the typical film thickness is 50 nm. The #leal current is applied along the central
strip. The current and voltage contact pads forr8 &g 8 square array that allows for simultane-
ous measurements of resistance at 30 distinctibtosatind of the Hall effect at 31 distinct loca-
tions on the wafer, with 300m spacing between the pixels.

lll. HIGH-DENSITY TRANSPORT MEASUREMENTS

We have constructed a specialized combinatorialspart measurement system capable of
measuring both the resistance and the Hall effee function of temperature simultaneously at
the 30/31 different wafer locations provided forthg lithographic pattern of Fig. 1. The system
employs an electromagnet and a gas-flow cryostsigded for low vibration, fast cool down,
and rapid sample mounting. Custom-built electrorind software permit simultaneous meas-
urements of resistance and Hall coefficient to ecision of 10°. The combinatorial measure-
ment system has been described in detail elsewfigigWe have recently subjected the meas-
urement system to stringent testing for channelh@anel reproducibility and overall resolution.
Rotating the contact pattern of Fig. 1 by 186verses the channel numbering. Measuring sam-
ples in both orientations enables comparison oftidal signals fed into different electrical
channels. We confirmed channel-to-channel reprdditgi all the variations shown in the data
come from the samples rather than the measurerystiens. Relative variations from channel-to-
channel electronic effects have a standard deviaticc*10°. To test the absolute detectability,
we measured the Hall effect in a 50 nm thick gdiu and verified that we could resolve Hall
coefficients as small as T8 m*/C, three orders of magnitude smaller than theesatypical for
the optimally doped LSCO.

IV. STATISTICAL TOOLS FOR TRANSPORT CHARACTERIZATN

Having a large number, N, of measurement chanrezlmifs application of certain statistical
measures. It turns out that these methods work ahetady for N = 30. Taken together, these



statistical measures have helped us determinesgtgaiarious contributions to the film property
variations. The most useful statistical analyse®treen as follows.

A. Variance-Versus-Square-Mean (VVSM) Plots

Plotting the variance of the resistance againsistheare of the channel-averaged resistance
(with temperature as the implicit variable) yieldsich useful information. We estimate the true
population variances?, using the discrete sample variante s

N
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where Ris the resistance measured in iflechannel andR is the resistance averaged over all
channels. When the number of channels N is Iarge@ns2 approachesz, for which statisti-

cally uncorrelated fluctuations add in quadratlmrleg2 = 0A2 +0|32 Wherecstot2 is the combined
variance from independent processes denoted bguthecripts A and B. Certain types of resis-
tance variation - lithographic patterning erro, éxample - are of geometric origin and scale
with the pixel resistance&r ~ R. Small variations of total stoichiometry (incing most notably
the oxygen content) that affect the density of rneobarriers also produce pixel-to-pixel varia-
tions of resistance that scale with the overalistaace. In contrast, scattering from defects or
interface roughness need not scale with R. If fireaad between the channels is not large, the
two types of fluctuations combine as:

Gtot2 = 002 + ((XR)Z (2)

whereoy is the standard deviation of the resistance dugefect scattering and the last term in
Eq. (2) measures the spread caused by variatiofiisniistoichiometry and thickness and due to
lithography. Plotting the variance of the resistanersus the square of the mean resistance - as
suggested by Eq. 2 - yields a linear relationstith @ clear distinction between the the two types
of fluctuations. The slope tells us how much littegghy and/or stoichiometry imperfections af-
fect the sample; the intercept tells us about #fed density. As an example, in Fig. 2a is shown
a set of R(T) characteristics of a set of pixel gia® from an LSCO film patterned as described
above. In Fig. 2b we show the corresponding VVSB#L,plith the temperature as the implicit
variable.

To differentiate between the variations in thiclgjegoichiometry, and lithography, we have
also utilized VVSM plots in which the statisticanable is the measured Hall voltage instead of
the resistance. Because the Hall voltage scalessaly with the thickness of the film, the Hall
VVSM plots place strict limits on how much the fillmckness variations could contribute to the
observed spread in electrical transport propeatesss the wafer.

B. Transverse Contact Histogram (TCH) Plots

Transverse-contact histogram (TCH) plots are arabfollow-up to the VVSM plots be-
cause they make it possible to separate the efbétithography errors from the effects of spatial
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fluctuations of total stoichiometry. They also yi@rucial information about possible mechanical
damage to films such as scratches caused by sigbetraample handling, micro-cracks due to
mismatch in the thermal expansion coefficientsheffilm and the substrate, etc.

Ideally, measuring the longitudinal resistance agdt using the transverse Hall contacts,
(e.g., the contacts labeled lnd H in Fig. 1) should yield zero voltage if the contaare per-
fectly aligned at the opposite sides of the ceaterducting strip. Lithographic errors may cause
contact misalignment, and this can result in na-zeltages. Comparison with the usual (longi-
tudinal) resistance measurements (with the disthebeeen adjacent contact pairs fixed at 300
pm) allows us to calibrate the misalignment voltaffeet. Plotting a histogram of the resistance
offsets is useful because the width of distribufi@mction provides an essential quality check on
the patterning process and sets the limits onxteneto which variable sample geometry is re-
sponsible for observed pixel-to-pixel variations rméasured transport properties. TCH plots
showing abnormal distribution functions with loragl$ have been indicators of mechanical dam-
age (such as deep scratches) in patterned filmsicdlyTCH plots are shown as the insets to
Figs. 2b, 3b and 4b. Note that our resistance meamnts are ac (usually= 37 Hz) and this
can additionally increase the apparent resistafisetaf the contact resistances are large, be-
cause of the phase lag between the two voltage pads

C. Autocorrelation Plots

Having a large number of equally spaced probeketample resistance makes it possible to
calculate the autocorrelation function,

1 _ —
E=g<@®-R)(Ru-R)> 3)

The autocorrelatio® is normalized by the sample variarge The autocorrelation function
filters away purely random uncorrelated channatiannel variation to reveal possible hidden
and systematic variations of resistance acrossntfer. Whereas the VVSM plots and TCH
plots are useful for categorizing and quantifyinifedent kinds of channel-to-channel variability,
the autocorrelation plots help determine the playsiauses of certain resistance variations.

In what follows, we show the results of such staid analysis for three representative
LSCO films patterned as shown in Fig. 1. The fisstimple A (BNL film # 564) represents an
early attempt to fabricate a uniform array of psxeéh this case, we used two sources for each of
the metal elements (La, Sr, and Cu) oriented irosjpin and with matched evaporation rates,
providing the stoichiometry approximately constaliting the measuring strip and the pixel ar-
ray. The nominal film composition is LgSt 2.0CuQ, and the film thickness is d = 32 nm. The
sample B (BNL film # 721) was also targeted to lmmbgeneous, with the composition
Lay 84S10.16CUO, and the film thickness d = 53 nm. The main diffee between these two sam-
ples should be in greatly improved substrate almd fiandling and processing in the case of
sample B, as described below. The sample C (BN £#i1772) has thickness d = 43 nm and the
composition LagiSr 1dCuQy, at the center of the wafer. However, this film bagn grown with
a single Sr evaporation source aimed &wdth respect to the substrate; this provides fgra
dient in Sr composition across the wafer of ab&atper 1 cm as determined using QCM in situ.
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The film was patterned with the pixel array oriehtearallel to the Sr deposition direction, i.e.,
along the maximal gradient in Sr concentration.

V. ANALYSIS OF AN EARLY GROWTH SAMPLE

The temperature dependences of the resistancesiredas the sample A are shown in the
main panel of Fig. 2a. The relative variation amtrgchannels at room temperature is shown in
the inset. At room temperature the total channek@annel variation as measured by the standard
deviation is 1.6%, but has a total range of 6% cWhs not acceptable for our research program.
Below T = 150 K, the resistance variations increfastner. We consequently subjected the data
of Fig. 2a to the statistical analyses describeavaland were able to identify the culprits and
subsequently to improve growth and processing ¢amgi.

The VVSM plot for the sample A is shown in the mpanel of Fig. 2b. It indicates three dif-
ferent sources of resistance variations in thispganThe slope of the linear fit corresponds to
the resistance variations from geometry or stoitigny that scale with the total resistance. The
intercept of the VVSM plot reveals a random amoainadditional defect scattering resistance
having a standard deviation of 0.87 or 0.7% of the room temperature resistance. Timepbin
the VVSM graph is an artifact of a single ‘bad’ @ahannel near T = 270 K. The strong increase
of the variance at low resistance is not an attédac reflects the broadening seen below T = 150
K. The upturn is likely caused by degraded eleatrgontacts at low temperature, as discussed
below.

The TCH plot for the sample A is shown in the ingeFig. 2b. It shows a roughly normal
distribution without extended tails. The absencelafg tails means that we can exclude
scratches or other mechanical damage as likelyribatrs to the resistance variations. The
width of the distribution as measured by the steshdaviation and expressed as the length offset
would be 1.56 pum, while our best samples usualbyvsa width of the distribution which is ten
times smaller. Local variations of the resistamethe scale of the channel width, can randomly
redirect the path of the electric current, causarglom voltages between transverse contacts and
increasing the width of the TCH plot. Another anieétly more important factor here were large
contact resistances (apparent already from Fig.a2ag@xplained in Section IVB.

Compared with the 300 um distance between adjammeriacts for resistance measurement,
the randomness in apparent contact position asiagte TCH plot provides for random resis-
tance variations of only 0.52%. From the VVSM pha found that the combined effects of ge-
ometry and stoichiometry contributed a total of%.Rariation. If geometry (0.52%) and stoi-
chiometry are uncorrelated, then the random stombiric variations are the dominant contribu-
tion to the resistance fluctuations at the level .0R%o.

Autocorrelation plots are shown in Fig. 2c and Rak. the sample A, the differences between
the autocorrelation plots at T = 240 K and T = 6@rK striking. In the 240 K data, the autocorre-
lation cuts through randomness to reveal unexpesttedture - an oscillation with a wavelength
of one-half the wafer size. This may originate frarthermal gradient - e.g., due to the thermal
contact between the edges of the wafer with thepkaholder; this could affect the film growth
and even more likely, the oxygen intake during filbe cool down. Boundary conditions for
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thermal processes provide for a natural lengthesoalthe order of the wafer size. In contrast,
the autocorrelation data taken at T = 60 K telifsecent story. The data of Fig. 2d are consistent
with white noise, i.e., with completely uncorrelhtpixels. If the pixels were correlated on a
length scale greater than the 300 um contact spathis would be apparent in Fig. 2d. If, by
contrast, the correlation length for random flutituas were much smaller than 300 pum, then the
fluctuations would have averaged out. The whites@@ipparent in the data suggests fluctuations
on the scale of a single channel - a strong indicatt noise from degraded contact resistances at
low temperature.

Enlightened by this insight, we instituted necegsaranges in the growth and processing
conditions for films. In the case of sample A, gwd contacts for transport measurements were
evaporated ex-situ and after the film surface lesnlexposed to air. After the analysis presented
here revealed the deleterious effect of contacstesce variations, we have adopted as the stan-
dard procedure to cover every film grown for tramgstudies with a thin (~10 nm thick) gold
layer deposited in-situ and before any exposurth@fsample to air; this improves the contacts
considerably. We also lowered the temperature athwime photoresist is baked from 14D to
90 °C; this apparently reduced deleterious interactetween the photoresist and the near-
surface layers in the film.

VI. ANALYSIS OF AN IMPROVED SAMPLE

The data and statistics for a much improved filne sample B, are shown in Fig. 3. The
main panel of Fig. 3a shows resistances with somar range of variation. The inset to Fig. 3a
indicates that the relative variation at room terape&e has a standard deviation of only 0.43%
and a maximum excursion of 1.2%. We neverthelesh ¥a reach an even higher level of uni-
formity, and so have pursued an in-depth statistinalysis to characterize and further improve
the growth and processing.

The VVSM plot for the sample B shown in Fig. 3aisemarkably straight line. The inter-
cept shows that the variation induced by defedtesgag is very small, at 0.088, which is only
0.01% of the room temperature resistance. Fluanatcaused by lithography and stoichiometry
together amount to 0.41% of the total resistante dnalogous VVSM plot for the Hall coeffi-
cient (not shown) also implies that the film thielkss is essentially constant across the wafer.

The TCH plot for the sample B has an extremelyavardistribution with a standard devia-
tion of only 0.15 pum as seen in the inset to Hy.No scratches or other mechanical damage are
evident. In this sample, fluctuations in the meaduresistance from sample geometry are less
than 0.05% of the total resistance. Nearly allh& bbserved variations in the resistance of the
sample B are caused by pixel-to-pixel variationsstoichiometry at the level of 0.41%. One
would not expect such variations in the cation emti@tion. Under our MBE synthesis condi-
tions, the mean free path of atoms that emanate the evaporation sources is longer than the
chamber size and the deposition is line-of-sighih whe sticking coefficients close to unity. It is
thus conceivable that we may have a smooth conpogifradient of the order of a per cent
across the wafer due to e.g., imperfect compensafidluxes from opposing sources. However,
random variations on the scale of the pixel sif¥®{8n) are hardly conceivable. Under our typi-



cal growth conditions, the surface diffusion lengthy be of the order of 1-30m, so any me-
chanism by which the cation content could varytdrlmm pixel to pixel is not obvious.

In contrast, oxygen is volatile and we have seedesxe of it diffusing slowly into or out of
the LSCO sample even at room temperature, and deedchsuspect that this may be the culprit.
Actually, a technique exists with which this hypedis could be tested: Raman spectra can re-
veal oxygen content variation in cuprates [33], @nd possible to take such spectra even from
micron-size samples. On the other hand, resondnXs@y scattering technique allows one to
probe the mobile charge carrier density and sepdisaspatial variations from those in the oxy-
gen content. [34] We hope to have such studie®pred on our samples in the future.

Autocorrelation plots shown in Figs. 3¢ and 3dtfe sample B look very similar at both T =
240 K and T = 60 K. At both temperatures, the tasrse fluctuations show long range correla-
tions, with a correlation length of nearly half tvafer size. Once again, the length scale is sug-
gestive that thermal gradients play a role. Thiy @ apparent from Figs. 3¢ and 3d which dif-
fer from what we saw earlier in the sample A. Wep&ct that since the sample B is far more
homogeneous than previous samples, and had mudkeseantact resistances, one can now
discern the subtler effects of small thermal gradeeross the substrate during growth. We an-
ticipate that data like these shown in the aut@tation plots will continue to provide essential
feedback that should enable us to improve the sahguihogeneity by yet another order of mag-
nitude.

VII. ANALYSIS OF A COMBINATORIAL SAMPLE

The data and statistics for the sample C, whichaasiilt-in 1D combinatorial spread of
strontium doping level across the wafer, are showhig. 4. The main panel of Fig. 4a shows
the temperature dependences of the resistanceslinchannel. The combinatorial spread is rea-
dily apparent, with the channel dependence at rtmmperature plotted in the inset to Fig. 4a.
The Hall effect measurements (not shown) indical@% spread of total carrier density; accord-
ing to the known relation between R and iR LSCO [35], this is fully consistent with the 9%
resistance spread across the wafer.

The VVSM plot for the combinatorial the sample @wh in the main panel of Fig. 4b dis-
plays an almost linear slope that we might expaccaffilm with a stoichiometry gradient. It also
shows an intercept associated with enhanced dséattering. One conceivable source of this
scattering may be oxygen vacancies in the Qpl@ne, notoriously known to occur in LSCO at
higher doping levels. [36] Future experimentatiorthwdifferent thermodynamic parameters
(temperature, ozone pressure) during growth anohglditm post-annealing should test this hy-
pothesis and hopefully provide a recipe for redge¢ims disorder.

The TCH plot in the inset to Fig. 4b has a halftidf 0.5 pm. There are no wide outliers,
indicating the absence of mechanical damage tdilthe The width of the TCH distribution is
still much larger than might be expected from Ighaphic variation alone. The half-width of 0.5
pim leads us to suspect that local and random iargaof total stoichiometry affect the direction
of the current path in the central conducting stcgusing small random voltages in transverse
contacts. This would be consistent with the conclusf the previous paragraph.
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The autocorrelation plot for the combinatorial s@mple C in Fig 4c shows the intended
stoichiometry gradient. Subtracting that gradiemd secalculating the autocorrelation results in
the data shown in Fig 4d. The autocorrelation i gradient subtracted shows predominantly
white noise, possibly with some small-scale strgcgimilar to that seen in the uniform sample
B.

VIII.  CONCLUSIONS

In conclusion, we have used COMBE technique to sligploin LSCO films with deliberate
continuous spread in chemical composition (i.ee, $n doping level) as well as nominally uni-
form films. We have patterned them into linear piserays and used custom-made high-
throughput testing techniques to accurately charaet the transport properties of each pixel.
We then applied detailed statistical analysis fetkntiate between various possible sources of
undesirable random pixel-to-pixel variations. Wevdnaitilized this knowledge to considerably
tighten the process parameters including substradesamples handling, and significantly reduce
such random variations.

The statistical data shown in Figs. 3 and 4 indidagat there is room for further improve-
ment. The analysis of these data as presented abdwates clear directions for actions to be
taken in order to achieve such improvements. Oniede is to improve the temperature uni-
formity across the substrate during growth. Theep#imd probably most important is to ensure
uniform oxygen content. This is difficult becausene (interstitial) oxygen is weakly bound and
volatile even at room temperature. A solution maytd encapsulate the patterned films with
some air-tight but chemically inert overlayer.

Nevertheless, it is apparent from e.g., Fig. 4a Bigd 4c that our COMBE technique is
working already. The density of data points is hegltough, while the random, uncontrolled pix-
el-to-pixel variations are small enough to enaldaicdetection of major discontinuities as one
would expect from quantum phase transitions.
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Figure captions

FIG. 1: The lithography pattern used in fabricataf linear pixel arrays. The central
vertical strip, 30Qum wide and 10 mm long, is contacted from 64 sqpads.
The contacts divide the strip into 30t long segments and allow independent
and simultaneous 4-point contact measurementsectriglal resistance in 30
pixels and Hall effect in 31 pixels. The currerdide are labeled a$ and I.
The contacts labeled as Rnd R are used to measure the voltage across and
thus the electrical resistance of the topmost piXbe contacts labeled as H
are used for Hall voltage measurement.

FIG. 2: Data and analysis for an early sample Al(BiNn #564).
(a) Main panel: resistance as a function of tentpesalnset: relative variation
of the resistance at room temperature.
(b) Main panel: VVSM plot quantifying contributions the resistance fluctua-
tions from sample geometry, stoichiometry, and ce$eattering. Inset: TCH
plot with a normal distribution of contact offsets.
(c) Autocorrelation plot of the resistance versharmel number at T = 240 K.
(d) Autocorrelation plot at T = 60 K showing thdeets of contact degradation.

FIG. 3: Data and analysis for an improved samp(BBL #721).
(a) Main panel: resistance as a function of tentpezalnset: relative variation
of the resistance at room temperature.
(b) Main panel: VVSM plot quantifying remnant cdbtrtions to the resistance
fluctuations from sample geometry, stoichiometry] a@efect scattering. Inset:
TCH plot with a narrow distribution showing goodadjty lithography
(c) Autocorrelation plot of the resistance versharmel number at T = 240 K.
(d) Autocorrelation plot at T = 60 K.

FIG. 4: Data and analysis for the sample C (BNRZAwith built-in combinatorial
spread in Sr doping level.
(a) Main panel: resistance as a function of tentpegalnset: relative variation
of the resistance at room temperature.
(b) Main panel: VVSM plot quantifying remnant cabtrtions to the resistance
fluctuations from sample geometry, stoichiometry) a@efect scattering. Inset:
TCH plot with a narrow distribution showing goodadjty lithography.
(c) Autocorrelation plot of the resistance versharmel number at T = 292 K.
(d) The same as in (c) but with the linear gradserittracted.
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