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ABSTRACT

There is growing interest in material candidates with properties that can be engineered beyond
traditional design limits. Compositionally complex oxides, often called high entropy oxides, are
excellent candidates, wherein a lattice site shares more than four cations, forming single-phase
solid solutions with unique properties. However, the nature of compositional complexity in
dictating properties remains unclear, with characteristics that are difficult to calculate from first
principles. Here, we demonstrate compositional complexity as a tunable parameter in a spin-

transition oxide semiconductor La;_,(Nd, Sm, Gd, Y),/,C0o03, by varying the population x of rare
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earth cations over 0.00<x<0.80. Across the series, increasing complexity is revealed to
systematically improve crystallinity, increase the amount of electron versus hole carriers, and tune
the spin transition temperature and on-off ratio. At high a population (x=0.8), Seebeck
measurements indicate a crossover from hole-majority to electron-majority conduction without the
introduction of conventional electron donors, and we propose tunable complexity as new method
to dope semiconductors. First principles calculations combined with angle resolved photoemission
reveal an unconventional doping mechanism of lattice distortions leading to asymmetric hole
localization over electrons. Thus, we demonstrate that tunable complexity is a facile knob to
improve crystallinity, tune electronic transitions, and to dope semiconductors beyond traditional

means.
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INTRODUCTION

Disorder can have strong effect on material properties, and in some cases, enhance performance
or increase functionality. Compositionally complex materials, typically called high entropy
materials, have received a surge of interest due to compositional site-disorder leading to intriguing
performance enhancements in a wide range of areas, including thermoelectric devices[1],
catalysts[2] and thermal barriers[3]. In particular, compositionally complex oxides (CCO)[4] are
of interest due to enhanced performance and function as electronic and energy materials, with
applications in computer memory[5], capacitors[6] and electrocatalysts[7], among others.
However, despite their intriguing behavior, a fundamental understanding of complexity and

entropy in CCO remains elusive. For example, the definition of what constitutes a “high-entropy”
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material is under debate[8, 9], and it is unclear how complexity manifests magnetic order[10, 11]
or new correlated phases or transitions[12]. Therefore, work must be done to unravel the effects
of complexity and entropy versus simple alloying effects, and new descriptors and/or rules must
be developed to enable rational design of CCO with enhanced performance or new functionality.
In that vein, an unexplored line of investigation is the study of complexity itself as a tunable
parameter for CCO systems. Such a study offers two exciting opportunities: first, tunable
complexity can reveal new functionalities that have been overlooked due to a focus on
compositional ratios in CCOs. Second, the nature of complexity and its role in determining

functional properties can be revealed through systematic investigation.

To address these scientific challenges and to discover new functionality in CCOs, we introduce
compositional complexity to a well-studied oxide semiconductor, LaCoOs. In the LaCoOs3
perovskite structure, the interplay between spin and lattice degrees of freedom leads to a spin
transition at 90 K and a broad semiconductor-to-metal transition (SMT) between 300 K and 600
K (Figure la). For LaCoOs, the spin pairing energy P competes with the energy gap A between e,
and t,, states in the octahedral field splitting. A low-spin (LS) configuration [tgg,S = O] is
promoted to a high-spin (HS) configuration [tggeg,S = 2] as temperature is increased[13].
Controversy remains over the existence of an intermediate spin (IS) state. However, recent
theoretical and experimental work found that that the spin transition at 90 K is from LS to an IS
configuration [tg’g, eé} S = 1], and the gradual SMT (occurring over 300-600 K) is concomitant
with a subsequent spin transition to the HS state. Despite this controversy, as lanthanum is
substituted for rare-earths with smaller radii, a well-characterized and systematic increase in the

SMT transition temperature is observed due to a decrease in the Co-O-Co bond angle[14].

Additionally, the rare-earth cobaltates exhibit p-type semiconducting behavior (at 300K) with a



O J o U W

AN TTUIUTUITUTUTUTUTOTOTE BB DD B DDASEDNWWWWWWWWWWNNNNNNONNNONNNNR R RRR PR PP
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

systematic increase in the gap with smaller radii of the rare-earths. Thus, the rare earth cobaltates
present an ideal system to investigate the effects of complexity because of two reasons: (1)
compositional complexity at the rare-earth site has the potential to become a tunable parameter
without requiring entropy stabilization for phase purity, and (2) the effects of complexity can be
isolated by comparing with the properties of well-understood ternary compounds or ‘simple

alloying behavior’.
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Figure 1. Compositionally complex rare-earth cobaltates. (a) LaCoO3 perovskite structure

(left), a compositionally complex version with multiple rare earth cations (right), and

corresponding spin configuration diagrams (bottom). (b) HRTEM cross sections of epitaxial thin

films across the composition series from x=0.00-0.80, with corresponding mapping of the

constituent metal elements obtained using EDS. Each image has a lateral dimension of 6.4 nm. (c)

Maximal site configurational entropy plotted as a function of composition. (d) Conductivity versus

temperature at varying compositions (¢) Room-temperature measurements of the thermoelectric

voltage as a function of composition with fits indicating the Seebeck coefficient. The inset is an

infrared image of thermal gradients taken during measurements.
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To systematically tune complexity and entropy, we synthesize epitaxial films of
La;_»(Nd, Sm, Gd, Y)/,Co03 with compositions that span from x = 0.00 to x = 0.80 (Figure 1a).
All compositions are synthesized by pulsed laser deposition (PLD) on LaAlOs single crystal
substrates at 7= 923K and an oxygen pressure of 100 mTorr. To create intermediate compositions
in the range of x = 0.00-0.80, we vary the duty cycle between a target of x = 0.00 and x = 0.80
composition with sub-monolayer shot counts between cycles (by fixing the total deposition
thickness of 68 nm). Following deposition, all films are annealed at 7= 800K in air to eliminate
any potential effects of oxygen vacancies created during growth (detailed in the methods section).
The La;_,(Nd,Sm,Gd,Y),,,Co03 series exhibits a systematic increase in the population of
complex cations with x which spans three critical ‘regimes’ (Figure 1c¢) quantified by maximal
site-configurational entropy (low, medium and high) and as proposed by previous theoretical
work[8]. For example, compounds with high-configurational site entropy (as with x=0.80) have
been proposed to benefit from entropy stabilization effects leading to reduced secondary phases
and defects, among other effects. A combination of x-ray diffraction and high-resolution
transmission electron microscopy (HRTEM) are used to determine that all samples were
perovskite phase with a systematic decrease in the c-axis as expected for progressively smaller
average rare-earth radii. The EDS maps are labeled with the assumed composition from the duty
cycling between the end member targets. The maps were used to determine that the compositions
between x = 0.00 to x = 0.80 were as expected from duty cycling within the error of the EDS
technique (a few percent). Figure 1b displays HRTEM cross sections for films with varying
compositions in the range 0.00<x<0.80, along with mapping of the elemental compositions using

energy dispersive x-ray spectroscopy (EDS). The high-resolution compositional maps reinforce
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the spatially uniform nature of the elemental distribution at the atomic scale. Additional HRTEM

can be found in the supplementary text (Figure S2).

The electronic conductivity (o) plotted against temperature (Figure 1d) reveal a combination of
simple alloying effects and those we ascribe to compositional complexity. First, LaCoO3 (x =0.00,
black) has a broad SMT transition from o = 1 S/cm to o =1,000 S/cm in the range of 300-800 K,
similar to other reports of single crystals and high-quality epitaxial films[14]. At the most dilute
compositional complexity of x = 0.16, we observe an increase in overall conductivity by a factor
of two. As the composition varies from x = 0.16 to x = 0.80, a family of curves (dark brown to
orange) with increasing ratio of conductivities obtained at the extreme temperatures
(07=800 k/OT=300 K) and decreasing conductivity at room temperature are both observed. Minor
rate-dependent hysteresis loops are observed which are likely due to kinetically limited oxygen
activity at the sample surface combined with the surface sensitive nature of thin film transport
relative to bulk. Interestingly, the hysteresis loops are reduced with compositional complexity,
likely due to slower kinetics for the CCOs. The transport curves demonstrate that tuning the
population of complex cations can be used to systematically modulate the SMT transition
threshold. For example, the temperature threshold required to reach 10 pS is shifted by 130 K
across the series of different compositions. We anticipate such tunability to be immediately useful
for engineering electronic devices that rely upon electrothermal thresholding, such as
selectors[15], electrostatic discharge protectors[16] or radio frequency varistors[17] but with
enhanced structural perfection (which we will discuss in detail later on) potentially leading to

greater endurance.

While tunable thresholding is interesting from a technological perspective, and is consistent with

a variation in the average rare-earth radius[14], the transport behavior in Figure lc exhibits
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significant deviations from what is expected from simple alloys. For ABOs perovskites, the factor
t = (rar + 70)/V2(1rg + 7o), Where rag is the ionic radius of the A-site element, 1 is the ionic
radius of oxygen, and 1y is the ionic radius of the B-site element, is predictive of transition
temperatures in cobaltates, nickelates and their simple alloys (e.g. Ndy sSmg 5NiO3)[14, 18]. Using
a composition-weighted average across rare-earth radii, ry = 7a = X.;ea X;7; (A is the set of all A-
site elements, x; are the A-site fractions, and r; their ionic radii) for composition x = 0.8, we
calculate # = 0.962, the transport characteristics of which should be closest to that of SmCoO3 with
t = 0.958[19]. However, transport measurements of SmCoQOs3 by Scherrer et. al. (Figure 1c grey,
circles) reveals an on-off ratio (07-goo k/97T=300 k) that is lower than our measurements by a factor
of 6 [20]. Furthermore, compared to Scherrer et al., in our measurements, the curve at x = 0.80 is
shifted by 80 K higher in temperature (to reach 10 uS), and there is a large difference in slope at
lower temperatures (close to 300 K). The larger on-off ratio of the CCO for a given temperature
threshold is useful from a technological perspective (i.e., a larger magnitude switching at lower
temperatures). However, such differences also point to novel electronic phases. For example,
Mazza et al. demonstrated that new electronic phases were responsible for a 60 K shift in the

insulator-metal transition temperature of nickelate CCO[12].

As further evidence of novel electronic properties, measurements of Seebeck coefficient (Sp)
collected at room temperature (Figure 1d) reveal a systematic change from majority hole to
electron carriers as complexity increases. For x = 0.00 and x = 0.16, we observe similar p-type
behavior with a Seebeck coefficient of S, = +220 uV/K and +244 uV/K, respectively. However,
at x = 0.40 and x = 0.60, Sj drops to +81.3 uV/K and +32.0 uV/K, respectively. At x = 0.80 we
observe a cross-over to majority n-type behavior with S, =-19.3 uV/K. The carrier type crossover

is notable, because (1) it is not observed in simple rare-earth cobaltate alloys without dopants, (2)
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other studies of high entropy cobaltates have not shown this previously, and (3) it has potential to
open a new avenue for engineering carrier type beyond traditional doping methods through tuning

populations of complex cations at specific lattice sites.

Point (1) suggests that compositional complexity is responsible for the crossover in the majority
carrier type of the system. The rare earths in our compounds are all in oxidation state of 3+ and
thus do not act as acceptors or donors. Furthermore, without traditional doping methods (i.e.,
substitutions with different oxidation states), all compositionally simple compounds (LaCoO3,
SmCo0Os, etc.) are p-type conductors. Thus, this shift in the carrier type for x = 0.8 suggests
substantial deviation from basic alloying effects. Next, we address point (2): previous work by
Kumar et. al investigated the thermoelectric properties of a similarly complex alloy
(LaNdPrSmEu); _,Sr, CoO5 and found conventional majority hole-type conduction for all values
x[21]. Therefore, design rules to determine when carrier crossover occurs in complex materials are
needed, and we propose such rules later on. We address point (3) by noting that tuning carrier type
with complexity could be potentially extended more generally to other systems that might benefit
from structural enhancements due to entropy stabilization and/or where charge donors have
reached their limits of doping or introduce other undesired effects. Finally, we note that a previous
works studied transport in bulk powders of Lay,(Nd,Sm, Gd,Y),,C003, but either did not

investigate carrier type[22] or did not investigate the high-temperature spin transition[23].



O J o U W

OO DTG UTUITUTUTUTUTUTOUTE BB DD B DDA DNWWWWWWWWWWNNNONNNONNNONNNNR R R R R PR e
O™ WNFROWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®OW-JdNTIBRWNRFROWO®OW-JNU ™ WNROWOW-10U & WN R O WO

a) b) ~ % 010
x=0.00 x=0.80 £ 100 pseudocubic
3120 £
£ 0.08 |~
2
S 0.06
© n
o
S 004 =
(2]
;6 |
I I I 002 | | ju—
00 02 04 06 08 00 02 04 06 08
X X
) T ] @& —————————70 ) [ - -
25001 L oo n X Azg - N
e x=00 osto 65
2000 » x=08 T Al 1 "¢ esof >
m substrate i SR L Leo &
[
@ 1500} : Bg 1 2 2
g i S 2 650 55 I
S 1000} o : E 1 = =
i o g 150 5 E -e x =0.00
i o 640} < £ - x=0.16
5001 A 3 1 g | e 600  —e- x=0.40 -
P 1 —e— x=0.60
4 .,
N ™ R BN DA | =08
400 500 600 700 800 00 02 04 06 08 300 200 50 600
Raman Shift (cm™) Temperature (K)
g) 10 T T T T h) 1.0F— — T T T T T
O-K / ‘ Co-L ’
= 08}|X 0.8} 23 7 1
E Q : ’
- /
E 0.6} _ 0.6F ’ 4
2z R ! L \
304 . 0.4F x 1
$ \ Y :
= 0.2} \\ i 1 0.2+ g
) —
(oo S L L L L 0.0k ; ; ; ) ; i -
525 530 535 540 545 550 770 775 780 785 790 795 800
Energy (eV) Energy (eV)

Figure 2. HRTEM, Raman and X-ray absorption spectroscopy of compositionally complex
perovskite cobaltate alloys. (a) Fourier transform (FT) of HRTEM images of x = 0.00 and x = 0.80.
Additional peaks associated with orthorhombic distortion were observed in x = 0.80 (b) The full
width at half maximum (FWHM) of the FT peak associated with the 100 pseudocubic reflection
plotted as a function of composition x (c) Dislocations found in HRTEM images as a function of
composition. The average value is plotted in black width shaded blue indicating the range. (d)
Raman spectra of breathing (A2g) and quadrupole (Eg) modes for compositions x = 0.00 (black)

and x = 0.80 (orange) obtained at room temperature (dots) with multi-peak fits to the spectra

10
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(solid). Inset diagram illustrates the motion of oxygen atoms associated with each mode. (e)
Breathing mode shift as a function of composition x plotted along the FWHM. (f) Breathing mode
shift as a function of temperature for all compositions x = 0.00-0.80. The X-ray absorption spectra
of the O K and Co L-edges are displayed in (g) and (h), respectively. The inset in (g) displays
spectral loss from the shoulder of the low energy 530 eV peak indicated by a square. A triangle
indicates the location of new peaks, which appear and grow with composition x. (h) The inset

shows an increase in spectral weight of the Co-L> edge with composition x.

To determine how structure and distortions play a role in the electronic properties we carried out
more detailed HRTEM analysis. Figure 2a displays Fourier transforms of real space images
corresponding to x = 0.00 and x = 0.80. Sharp peaks are observed with positions indicating the
pseudocubic structure. As expected from decreasing rare earth radii, the series exhibits a shift from
rhombohedral to orthorhombic distortion (seen as additional peaks in Figure 2a, right panel) with
the crossover occurring at x = 0.40. In Fig. 2b, the FFT peak width is plotted as a function of
composition. We additionally carried out a geometric phase analysis (GPA) to quantify the strain
occurring in the samples which can be found in the supplementary text Figure S3. We identify
three critical phenomena contributing to ‘crystallinity’ as quantified by the widths in the Fourier
transform peaks and the GPA histogram widths. First, better lattice matching will reduce variations
in the lattice parameter over the thickness of the film due to strain relief which will decrease widths.
Second, defects such as dislocations will increase widths due to a disruption of the lattice and local
strain fields. And finally, correlated atomic site structural distortions due to varying rare earth radii

may again broaden the widths.

We discuss the trends in the FFT and GPA analysis within the context of the mechanisms described

above. First, in Figure 2b, an interesting trend is observed in the Fourier transform peak width as

11
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a function of composition, where improvements to crystallinity (narrower widths) are found as
soon as x = 0.16. While GPA analysis suggests strain is also reduced due to better lattice matching
from x = 0.00 though x = 0.60, the strain tensor histograms €y, €, for both x=0.00 and x =0.16
are nearly matched in overall strain compared with the rest of the composition series (see Fig. S3),

but the €,,, histogram width and the FFT widths are substantially sharpened indicating that another

mechanism may be at play such as defect density. We studied dislocation defects observed in the
films. In Fig 2c, a notable drop in dislocation density is observed from x = 0.00 to x = 0.16, from
0.10 dislocations/nm to 0.04 dislocations/nm, respectively, after which dislocation density
saturates. An open question is: At what level of complexity can stabilization due to configurational
entropy be used to suppress defect formation, for example, suppressing misfit dislocations?
Reducing defect densities and improving crystallinity is a tantalizing prospect for improving
materials (e.g., reducing carrier recombination rates in semiconductors), especially if defects could
be reduced by dilute molar fractions of additional cations (i.e. at x = 0.16). We suspect the
reduction in defect densities are responsible for the increase in electrical conductivity of the films

(by a factor of 2) at x = 0.16 due to lowered electronic scattering (Figure 1d).

While the sudden drop in dislocations and decrease in FFT peak and GPA histogram widths is
intriguing, it was not possible to completely disentangle the effects of entropy stabilization versus
lowered misfit strain with increasing x (see Figure S1, S2). Future work, ideally over a larger range
of misfit strain, will be needed to determine precisely when entropy stabilization effects win out
over enthalpic driving forces yielding lower defect densities. At larger fractions of x = 0.40, the
improvements saturate and at x = 0.8 the FFT peak and GPA histogram width €, increases,
signifying lower crystallinity, but with nearly the same dislocation density. While some of the

effect may be due to the introduction of small tensile strain from x = 0.6 to x = 0.8, we hypothesize

12
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that as x exceeds a threshold (of about 0.40), a competing effect from the growing structural
distortions due to larger populations of Y atoms may be responsible for the trend in widths. Indeed,
Y has a significantly smaller atomic radius than the lanthanides in our compounds and has been
demonstrated to be responsible for distortions leading to non-trivial electronic structure
previously'?. Additionally, previous work has utilized GPA analysis to determine the variance in
bond angles due to complexity at varying transition metal sites[24] which would contribute to FFT
and GPA peak widths. However, for our compounds, the overall variance in radii is smaller and it
is more challenging to quantify these angular distributions directly due to averaging through the
sample lamella. Therefore, for a complete analysis we have focused on Raman spectroscopy which

is less sensitive long-range disorder and more sensitive to atomic range effects.

Figure 2d is a plot of the Raman spectra of the quadrupole (Eg) and breathing (A2g) modes for

compositions of x = 0.00 and x = 0.80 at T = 300K. While the symmetry reduction from R3¢
rhombohedral to Pbnm orthorhombic increases the number of active modes, we note the Eg and
A2g modes is retained between the structures[25]. The intensity of the modes is reduced with
complexity, and as expected, they are softened with composition due to higher-weight lanthanides.
Despite a reduction in Raman intensity, the peaks widths are sharpened with increasing x, which
we attribute to higher crystallinity (Figure 2e, red), with improvements occurring in the range x =
0.16-0.40, corroborated by the HRTEM data (Figure 2b). Similar to FFT and GPA trends, the
breathing FWHM yields no improvement (within error) past x=0.40 despite better lattice matching
at x = 0.6, indicating a possible competing effect from higher populations of Y atoms causing
greater atomic range structural distortions. Additionally, Raman spectroscopy informs about the
structural component of the SMT. The SMT in LaCoOs3 is accompanied by Jahn-Teller (JT)

distortions, which have been shown to soften the breathing (A2g) mode at temperature[26]. Raman

13
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spectroscopy in the range x = 0.00-0.80 as a function of temperature in the range 7' = 300-600K
are plotted in Figure 2f. Here, we observe a systematic shift in the breathing mode of roughly 20
cm™ over a temperature change of AT = 300 K for all compositions. The softening between
compositions is roughly maintained over the temperature range, although with increased
uncertainty in the fitting and a larger scatter in the data at higher temperatures. Interestingly, each

composition is clearly undergoing similar JT distortions through the SMT.”

Next, we discuss X-ray absorption spectroscopy (XAS) performed on the series of compositions,
which supports conclusions from electronic transport but that also points to new electronic
hybridizations, likely due to atomic-site structural distortions. The sample drain current and X-ray
fluorescence intensity are measured as a function of X-ray energy (normal incidence) and used to
construct the Total Electron Yield (TEY). More details can be found the methods section. Figure
2g,h are of the O-K edge and Co-L edge TEY XAS, respectively. Three critical features are
observed in the O-K edge in Figure 2g: (1) spectral weight from the lower energy shoulder of the
peak at 530 eV is reduced (Fig 2g, inset), (2) spectral weight increases at the 530 eV peak apex
and its higher energy shoulder, and (3) a new peak appears around 540 eV. The low-energy
shoulder at the 530 eV peak is associated with e, states (see spin diagram Figure 1), whereas the
peak and high-energy shoulder are associated with tzg states. Therefore, this trend indicates a
gradual transition to a LS configuration as x increases[13]. Such a trend is confirmed by the Co-L
edge, where an overall increase in L3 and L> (Figure 2h, inset) and a decrease in the L3/L; ratio
with composition x is also indicative of a systematically more tog character. These results are
consistent with the transport measurements indicating that the transition occurs at higher

temperature with increasing x.

14
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While features (1) and (2) support some qualitative conclusions from transport, feature (3)
observed at 540 eV in Figure 2g points to different aspects of the electronic structure, as it appears
away from the valence band and in the region of Co 4sp hybridization with O 2p. As the fraction
x increases, spectral weight at this energy increases until x = 0.40, in which case a clear peak is
resolved. This peak that grows larger as x is increased to 0.80. The deep-energy states due to Co
4sp hybridization are not studied exhaustively in the literature, but for rare-earth perovskites with
transition metals, there does not usually exist an additional peak in this region [27]. However, in
this region, additional peaks have been observed in the case of LaCoO3; doped with Sr[28], and in
the case of LaCrOs at below room temperature temperatures[29]. In each case, the new peak is
correlated with significant structural distortions, either due to Sr doping, or due to
antiferromagnetic ordering at low temperature (LaCrOs). Therefore, these prior observations
suggest that the peak observed in our data is indicative of atomic range structural distortions that
are strong enough to affect hybridization of Co 4sp with O 2p. This argument makes sense in light
of the large cation disorder and site-to-site variance at the atomic scale, and points to the unique

electronic structure found in CCO systems.
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Figure 3. DFT and ARPES data of simple and configurationally complex cobaltate band structure.
(a) DFT calculations of band structure for the simple cobaltate SmCoOs; and (b)
(La,Nd,Sm,Gd,Y)0.2Co03 (CCO). (c) 2D curvature ARPES maps for LaCoO3 (LCO) and (d) CCO
along I' — M direction. (e) Its narrowed energy and momentum scales of LCO and (f) CCO (red

boxes in Figure 3c¢,d).

To interpret the experimental observations, we calculate the electronic properties of several simple
rare earth cobaltates as well as the CCO (x = 0.8) using density functional theory (DFT) within the
SCAN-+U implementation in conjunction with PAW pseudo-potentials. Previous DFT studies[30,
31] of LaCoO; found that above 90 K, an equal mixture of high spin (HS) and low spin (LS) Co
ions is slightly favored over intermediate spin (IS) configurations. Therefore, for all structures
considered, we assume a ratio HS/LS=1, with each LS Co’" surrounded by a HS Co**, and that the
HS ions aligned antiferromagnetically. Figure 3 compares the electronic band structure of SmCoO3

and for CCO at x = 0.8, which should be similar from a simple alloying perspective considering
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the Goldschmidt tolerance factor. The projected density of states (PDOS) is included in the
supplementary text. We present results for spin-up states, as we find insignificant difference
between majority and minority spins. Both simple and compositionally complex materials have a
similar electronic band gap with 0.65 eV for SmCoO3 and 0.61 eV for CCO with x = 0.8. However,
while the Fermi level is situated in the middle of the band in SmCoO3 (Figure 3a), it significantly
shifts towards the conduction band minimum (CBM) in x = 0.8 (Figure 3b). This observation is
explained by the fact that in x = 0.8, rare-earth disordering leads to an increased effective mass for
the electronic states impacted by such disorder. This argument can be justified qualitatively by
comparing the flatness of the valence bands in Figure 3a to that in Figure 3b. The shift of the Fermi
level towards the CBM indicates that the states near the valence band maximum (VBM) are more
impacted than those near the CBM. Indeed, as the PDOS indicates (Figure S3), the states near the
VBM have more contribution from rare earths. Moreover, the states in the valence band exhibit
more O-Co hybridization than states in the conduction bands as quantified the peak-to-peak ratio
between the PDOS for Co and the PDOS for O. For example, for SmCoOj this ratio is 5.7 for the
conduction band versus 1.7 for the valence band, and for the CCO x = 0.80 it is 4.8 for the
conduction band versus 1.6 for the valence band. Thus, the rare-earth disruption of the O octahedra
surrounding the Co ions is expected to impact the valence states disproportionately. As the band
structure plots also indicate, the VBM effective mass is indeed significantly smaller in SmCoO3
than in x = 0.8. The shift in Fermi level towards the CBM explains the experimentally observed

shift from p-type to n-type conduction with increasing compositional complexity.

To validate the outcomes of these calculations, we conduct angle-resolved photoemission
spectroscopy (ARPES) measurements on LCO and CCO (x = 0.8) at an ambient temperature of

around 90 K using a p-polarized light source. We note that, to the best of our knowledge, ARPES
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data have not been previously reported for LCO or for any CCO material. We report the first
experimentally determined band structures of LCO and CCO x = 0.8, which confirms the
mechanism of majority carrier crossover. The 2D curvature ARPES maps of LCO and CCO
collected along the I' — M direction are depicted in Figs. 3¢ and 3d, respectively[32]. The pristine
ARPES maps and constant energy maps are illustrated in supplementary Figure S5. The VBMs of
LCO and CCO are situated around -0.71 eV and -0.95 eV below the Fermi level, indicating that
LCO and CCO are both insulators at 90 K. To analyze the dispersiveness of the hole pockets at
the M point of LCO and CCO, we plot the same data maps with smaller momentum and energy
ranges (red boxes in Figure 3¢ and 3d) in Figure 3e and 3f. The black dots represent bands
trajectory via Gaussian fitting of energy dispersion curves (EDC) (supplementary Figure S6). To
quantify the dispersiveness of each band, we fit the EDC peaks with a quadratic function (red
dashed lines). The effective mass of CCO is approximately three times higher than that of LCO.
From measurements of effective mass, we can then calculate the mobility with the measured
Seebeck coefficient which is 4.56 X 1072 and 3.15 X 10™° cm? / V s for x = 0.00 and x = 0.80,
respectively (see supplementary Table S1). Therefore, the electronic structures, as revealed by
ARPES measurements of LCO and CCO, provide a direct confirmation of our predictions from

DFT regarding changes in effective mass.

DISCUSSION
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Figure 4. Material descriptors for compositionally complex cobaltates. (a) Seebeck vs.
Goldschmidt factor ¢ (left panel), 7, (middle panel) and Sy,y A(right panel). (b) Comparison of 7

and Spix a as a function of x for our composition series.

Our observed p-type to n-type crossover was compositionally induced by A-site alloying alone
(i.e., a synthesis strategy not involving either substantial oxygen off-stoichiometry as with
LaCoo2Fe50s.5 [33], or electron doping as with Ce*" in LaCoOs[34]), and is thus unique in
perovskite oxides, to the best of our knowledge. This raises the question: does our compositional
series uniquely produce this result, or is it a more general but hitherto unexplored phenomena
achievable in other oxide perovskites (cobaltate, nickelate, or other)? We hypothesize the latter.
To address this question, we generate material descriptors, including the Goldschmidt factor and
plot them in Figure 4. Figure 4a demonstrates how the Goldschmidt factor does not predict
transport behavior in high-entropy perovskites and how new predictors are required. As shown in
Figure 4a (left panel), for the different alloying strategies between our composition series and that
of ref. [21], increasing configurational entropy (increasing x) decreases the Seebeck coefficient
but oppositely changes the composition-weighted A-site radius 7, and therefore the Goldschmidt
factor. However, we can derive a more relevant compositional descriptor intended to correlate with
structural distortion arising from A-site entropy, given no B-site variation. A simple descriptor that

captures the composition-weighted average deviation in A-site radii is 7y = Y.;eq X;i|7; — 74|, but
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this equation could nominally be applied to any chemical formula. Instead, we derive a variation
that accounts for the octahedral (6-coordinate) arrangement of the A-site network in perovskites
to calculate the expected deviation in radii between a central A site and its A-site neighbors.
Assuming no short range ordering (i.e., a random A-site solid solution), let ¢ to be one possible 6-
coordinate environment (e.g., ¢ = [La, Sm, La, Gd, La, Y], |c| = 6), C be the set of all possible c,
and . = [l;c4x; be the probability of observing c. We can now write the expected deviation in

radii between a central A site and its A-site neighbors as,

=1
‘fi& szi chzljlcl ll

i€A cec j€Ec
As shown in Figure 4a (center panel), we recover a simple, negatively sloped linear dependence
of the Seebeck coefficient as a function of 7, for each composition series. This descriptor
qualitatively shares the functional form of an ideal entropy of mixing term, e.g., Spixa =
— Yiea Xi In(x;) which therefore also correlates with Seebeck coefficient (Figure 4b). But 74 is a
“chemistry-aware” descriptor and can be further tuned by, for example, employing alternative
elemental properties to ionic radii (elemental specific volumes, Pauling electronegativity, etc.
[35]). These correlations corroborate our previous results that local strain induced by large
deviation at the A site may be necessary (although not necessarily sufficient) criteria for carrier
type crossover. For example, doping fraction due to substitutions may be the most direct descriptor
of carrier type in oxide semiconductors in many cases. However, we anticipate our descriptor will
find utility in cases where variance induced localization plays an outsized role, such as the CCO
rare earth cobaltates, where the doping fraction alone would not yield our observed experimental
trend. In another example, these correlations suggest that (LaNdPrSmEu):.,Sr» may also achieve

crossover with the maximal mixing entropy composition (x = 0.167). A variety of additional
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material systems, for example, La;«(NdSmGAY), with x > 0.8, (LaNdSmGd) 1. Yx withx € [0,1],

and (LaNdPrSmEu);-x Sry with x > 0.1, must therefore be characterized to understand or confirm
the generality of this trend. Other types of CCOs with two cation sites, such as Ruddlesden-Popper
type oxides, may or may not benefit from our proposed descriptor. Studies of these additional
systems would shine light on whether compositional descriptors alone, or their combination into
simple ML-derived design rules [36], can reasonably predict complex properties (e.g., Seebeck

coefficient) more generally in high entropy systems.

CONCLUSION

In conclusion, we have demonstrated that compositional complexity can be used to control
properties in rare-earth cobaltates, with several intriguing and surprising functionalities revealed.
Tunable rare earth complexity can be used to (1) improve crystallinity at surprisingly low
populations of additional rare-earth cations, (2) systematically tune the spin transition threshold,
and (3) act as a new method to dope semiconductors. Our structural and XAS analyses suggest
that novel electronic properties arise, in part, due to disorder-induced atomic range distortions that
force rehybridization of Co 4sp states with O 2p. The first measurements of ARPES in CCOs were
presented alongside DFT calculations of band structure. Together, they reveal new insights into
CCO electronic structure, and indicate that the doping mechanism of tunable complexity is
asymmetric localization of holes over electrons. Tunable complexity (outside of simple
doping/alloying) represents an entirely new way to tune the carrier type and could be relevant to
other materials such as nitrides, sulfides, carbides, organic semiconductors, or in any system where
atomic-site compositional disorder can asymmetrically affect valence and conduction bands. In

particular, these methods may be relevant to compounds that would benefit from improved
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crystallinity or phase purity due to entropy stabilization effects. A survey of our results and other
works suggest that new material descriptors are needed for property prediction in CCO. We
generate a new “chemistry-aware” descriptor for carrier type in high-entropy perovskites and
propose that the development of such descriptors will enable the guided discovery of materials

with new functionalities and improvements over their compositionally simple counterparts.

METHODS

Raman Spectroscopy

Raman spectra were taken in a Renishaw inVia Raman Microscope using a 532nm laser.
Temperature dependence Raman Spectroscopy was done in conjunction with an Instec heater stage

with its temperature calibrated by Pt bar evaporated on LaAlO3 substrate.

Electronic transport measurements

Electrical transport measurements were performed in the 4-wire configuration with sputtered Cr/Pt
electrodes in a Thermolyne 48000 furnace. A Keithley 6221 current source provided an AC current
and SR830 Lock-in Amplifier measured the voltage drop across the inner electrodes. Data were
recorded using NHMFL Data Acquisition System v.2.4.1. The temperature was ramped at a rate

of 5 K per minute.

Seebeck Measurements

Seebeck measurements were acquired by measuring the thermoelectrical voltage across sets of
patterned platinum electrodes. A temperature gradient was set by two Peltier heating and cooling
platforms. The thermal gradients between electrodes was measured using an infrared thermal

camera FLIR SC6700.
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Pulsed Laser Deposition

Epitaxial thin films were grown in a Neocera PLD system on LaAlOs substrates to a typical
thickness of 68 nm, the 266 nm Nd:YAG laser was operated at 5 Hz. The as received LAO
substrates were etched in dilute HCI for 30 seconds and rinsed with distilled water, and then
annealed in air at 950 °C for 2 hours. LaCoO3 and La,; _,(Nd, Sm, Gd, Y),/4C003 (x = 0.80) targets
were purchased from Toshima Manufacturing Co., Ltd.. During growth, the substrate temperature
was 650 °C with O, partial pressure of 100 mTorr. The PLD chamber pressure was increased to
2.5 Torr during cooldown. For x = 0.00 and x = 0.80, only the respective targets are required and
duty cycling between the two targets were required for the intermediate x growths by varying the

ratio between the number of shots on each target.
X-ray absorption spectroscopy

The XAS spectra were taken at the Advanced Light Source Beamline 7.3.1. Details of the beamline
instrumentation and data acquisition are given in ref[37]. Samples were secured on a copper chuck
using silver paint, and subsequently loaded into the experimental chamber. Measurements were
obtained at a chamber pressure of 2x10® Bar. The incoming X-ray flux was monitored by
measuring the drain current from a gold mesh upstream of the experimental chamber. The sample
drain current and X-ray fluorescence intensity were measured as a function of X-ray energy
(normal incidence) and used to construct the TEY XAS and Total Fluorescence Yield (TFY) XAS
respectively. The energy resolution was estimated to be 0.64 eV at the Co L-edge and 0.21 eV at

the O K-edge.

Angle-Resolved Photoemission Spectroscopy Measurements.
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All ARPES measurements were performed using Scienta R4000 electron analyzer at the base
pressure of ~3 x 107! Torr in a micro- ARPES end-station at the MAESTRO facility at beamline
7.0.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The lateral size of
the synchrotron beam was estimated to be between 30 and 50 um. After transferal of the LCO and
CCO films through air to the UHV chamber of APRES, the samples were annealed to 450 °C for
10 minutes for three times with O, partial pressure of 5 x 10 Torr in the in situ PLD chamber.
The clean surfaces of the samples were confirmed with in situ RHEED after annealing
(Supplementary Figure 2). The angular resolution and total energy were better than 0.1° and 20
meV, respectively. We used photon energy of 160 eV to map the energy maps of LCO and CCO
for the I' plane. All experiments were carried out the temperature at 90 K. To facilitate
measurements and reduce artifacts from charging, all ARPES samples were grown with a 7 nm

metallic underlayer of Lao.7S10.3Co00Os.
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Compositionally complex oxides have shown recent promise as electronic materials, but the role of
complexity is often difficult to disentangle from other effects. This paper utilizes compositional
complexity as a tunable parameter in an oxide semiconductor to reveal several intriguing functionalities:
(1) systematic improvements to crystal quality (2) control over a spin transition, and (3) as a method to
dope semiconductors.
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