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ABSTRACT

We have investigated the charge transport in thin films of correlated Dirac semimetal of perovskite CalrO3; by measurements of resistivity
and optical spectra. The semimetallic transport of either electron-type or hole-type carrier is observed in the strain-relaxed thin films. By
controlling the strain relaxation via thermal annealing, the carrier densitgl decreases in both n-type and p-type samples, while enhancing the
carrier mobility up to 160 cm? V™! s™* at an electron density of 2.5 x 10" cm™ at 2 K. We propose that the energy of Dirac line node, which
locates in proximity to the Fermi level, varies with the lattice distortion or strain-sensitive defect character, causing the sign change in the
charge carrier as well as the mobility enhancement.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109582

The interplay between the electron correlation and spin-orbit
coupling in heavy transition-metal oxides offers a fertile ground
to develop emergent topological phases with potential for elec-
tronic device application. A remarkable example is the Dirac/Weyl
semimetal, wherein the highly mobile electron with massless or
small effective-mass character can give rise to unusual charge trans-
port such as the giant magnetoresistivity (MR) or the anomalous
Hall effect. ° The perovskite AIrO3; (A = Sr, Ca) is one such can-
didate, which hosts the correlated Dirac semimetal on the verge
of Mott transition.” '’ In AIrOs, the nominally tetravalent Ir-ion
has five electrons in the 5d t,; orbitals, which split into fully occu-
pied jegr = 3/2 states and half-filled je = 1/2 state by the relativis-
tic spin-orbit interaction. The electronic states around the Fermi
energy are dominated by the half-filled je = 1/2 state with the
strong electron correlation and thus provide an ideal playground
for the Mott physics of Dirac electron. The theoretical studies

propose that the Dirac line node is protected by the nonsymmorphic
symmetry inherent to the orthorhombic perovskite structure (space
group Pbnm) and thus is robust against the perturbation which
keeps the symmetry intact.”” "’ In a thin film of SrIrO;, the Dirac
node is observed by the angle-resolved photoemission spectroscopy
to position about 50 meV below the Fermi energy and gener-
ates small electron pocket(s)."” More recently, it has been demon-
strated that for the single crystalline bulk of CalrOs3, the Dirac line
node is remarkably close to the Fermi energy Er and gives rise to
highly mobile electrons with the mobility exceeding 60 000 cm* V™
s”! in the strongly correlated regime near the Mott transition."’
Therein, the quantum limit of the Landau level is reached at a mod-
est magnetic field of about 9 T, which has led to the giant posi-
tive magnetoresistivity (MR) with the MR ratio of 5000% due per-
haps to the quasi-one-dimensional confinement of correlated Dirac

electrons.
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To exploit such quantum transport of Dirac electron to emer-
gent functions of electronic devices, as the first step, it is necessary
to realize the highly mobile Dirac electron in a thin film form. The
epitaxial strain may be one of the promising ways to control the
energy dispersion or topology of Dirac band via the modulation of
the effective one-electron bandwidth or electron correlation. So far,
the charge transport has been extensively studied for the epitaxially
strained films of SrIrQs,"” > yet a salient feature of highly mobile
Dirac electron has not been identified. It has been pointed out that
the Dirac line node is sensitive to the crystal symmetry and thus
can be easily gapped out by the lattice distortion which is caused
by the epitaxial strain and breaks the orthorhombic crystal symme-
try.'>** °° In this context, the strain-free thin films of CalrOj3, which
keeps the orthorhombic crystal structure as in the bulk, is required
to observe the charge transport of Dirac electrons in thin films but
has remained elusive.” *’

In this paper, we demonstrate that the carrier density and
mobility can be significantly controlled by the epitaxial strain com-
bined with thermal annealing procedure in the thin films of CalrOs.
In particular, the charge carrier is of electron-type and the mobility is
enhanced up to 160 cm?® V™! s7! at 2 K when the electron density is
reduced down to 2.5 x 10'® cm™ in the strain-relaxed films obtained
by annealing the compressively strained films. On the contrary, the
hole-type carriers govern the charge transport in the strain-relaxed
films obtained by annealing the tensilely strained films. We antic-
ipate that the charge transport is governed by the Dirac electrons
at low temperatures, wherein the energy variation of the Dirac line
node by the strain causes the sign change in the carrier-type as well
as the mobility variation.

Thin film samples were fabricated by means of the pulsed
laser deposition (PLD) technique using a KrF excimer laser
(A = 248 nm) on various substrates of LaAlO; (LAO) (110),
LAO(OOI), (LaAlO3)0,3(SI‘A10‘5T8.0‘503)0‘7 (LSAT) (001), and Sl‘TiO3
(STO) (001). Hereafter, we denote the crystal orientations and reflec-
tion indices of substrate in the pseudocubic notation, unless oth-
erwise noted as d,, by, and ¢, for orthorhombic (Pbnm) notation
of CalrO;." Although CalrO; could not be directly grown on
LAO(110), we found that the insertion of the buffer layer of the
perovskite CaTiO3 enables the growth of CalrO; on LAO(110),
as illustrated in Fig. 1(a). In the case of LAO(001), the perovskite
SrTiO; was inserted as a buffer layer. The thickness of CaTiO;
(SrTiO3) was 1 nm (3 nm), and we confirmed that the buffer layers
can be coherently grown on substrates. For simplicity, we hereafter
express these samples as CalrO3/LAO(110) and CalrO3/LAO(001),
respectively. The thickness of CalrOs was about 80 nm or 30 nm
for the films on LAO(110) and 30 nm for other substrates (see
Table S1 of the supplementary material for the thicknesses of all
samples). For the growth of CalrOs, we optimized the growth con-
dition to the growth temperature at 590 °C and the oxygen pres-
sure (Po,) at 50 mTorr, and the repetition and energy density of
laser pulses were 2 Hz and 1.2 ] cm™?, respectively. Because of
the volatility of Ir-ion,'**"*? the amorphous film of CaTiO; with a
thickness 30 nm was deposited as a capping layer on the respec-
tive films at room temperature and Po, = 0.l mTorr in order to
protect CalrOs from volatilization during the thermal annealing
procedure. After the deposition, we divided the sample into some
pieces. One of them was measured as the as-grown film, while
others were annealed in ambient atmosphere at various
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FIG. 1. (a) Schematic of single crystalline epitaxial CalrO3 grown on LAO(110)
with the buffer layer of CaTiO3. (b) X-ray diffraction 26-w scan around (110)
reflection for the as-grown CalrO3/LAO(110). Orange line represents the expected
angle 265 pyi of [010], reflection of the bulk sample, which corresponds to the
strain-free films oriented as illustrated in (a). The thickness of CalrO; is 83 nm.
[(c) and (d)] Reciprocal space mappings for as-grown CalrO3/LAO(110) around
(310) and (222) reflection and (e, f) those for the annealed CalrO3/LAO(110). In
(c)—(f), dashed lines represent the reciprocal lattice constants of the bulk CalrOs,
and the lattice mismatch with the substrate is given on the top. White triangle
symbols represent the expected peak positions of the film if CalrOj is oriented as
illustrated in (a) and its lattice constants are the same as bulk ones. Blue (red) line
in (d) [(f)] represents the horizontal peak position of the as-grown (annealed) film.
The indices, e.g., [110] and (110), are in the pseudocubic notation of perovskite,
while a, bo, and c, are in the orthorhombic notation.

temperatures in the range of 900-1400°C for typically 1 h
(see Table S1 and Fig. S4 of the supplementary material
for the annealing conditions and transport properties of all
samples). The resistivity and Hall resistivity were measured
by means of the four-probe method. The reflectivity spec-
tra were measured for the film without the capping layer by
using a Fourier transform spectrometer (0.005-0.7 eV) and
a grating-type monochromator equipped with a microscope
(0.5-5 eV). The reflectivity spectra in the energy region of 4-30 eV
were measured at room temperature with the use of synchrotron
radiation at UV-SOR, Institute for Molecular Science, Japan. The
optical conductivity spectra were obtained by the Kramers-Kronig
analysis with the use of a two-layer model consisting of the film and
substrate.

First, we investigated the films grown on the LAO(110) sub-
strate to minimize the epitaxial strain. The lattice mismatch between
CalrO; and LAO (=3.789 A) is relatively small for the a,- and
co-axes: +0.3% along the a,-axis (uo/\/f = 3.782 A) and -1.3%
along the ¢,-axis (c,/2 = 3.838 A). In contrast, for the b,-axis, the
lattice mismatch is —4.3%, which is much larger than the other
two. Here, the sign of lattice mismatch is positive (negative) when
the lattice constant of the film is smaller (larger) than that of the
substrate, which corresponds to the tensile (compressive) epitaxial
strain. Hence, it is expected that CalrOj3 is coherently grown on the
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(110)-surface of LAO with the a,-axis and c,-axis oriented along
the [110] and [001]-direction (in-plane), respectively, and the b,-
axis oriented along [110] (out-of-plane), as illustrated in Fig. 1(a).
This is confirmed by the X-ray diffraction (XRD) patterns for the
as-grown film, as shown in Figs. 1(b)-1(d). The (110)-reflection
(denoted in the pseudocubic notation) of CalrOs is clearly observed
around 31.8° with clear Laue fringes, while the peak angle is smaller
than that expected from the lattice constant of the b,-axis of the
bulk. The reciprocal space mappings (RSMs) around (310)- and
(222)-reflections are shown in Figs. 1(c) and 1(d), respectively.
The positions of both reflections are roughly coincident with those
expected from the bulk samples (represented by triangle markers),
but the (222)-reflection of the film slightly shifts toward larger (001)-
direction than that of the bulk. These results indicate that the lattice
constant of the a,-axis of the film is nearly identical to that of the
bulk, while that of b,- (c,-) axis is slightly larger (smaller) for the film
due to the compressive-strain along the [001]-direction (in-plane).
It is noted that the position of the (222)-reflections of the film is dif-
ferent from that of the substrate along the [001]-direction, which
indicates the partial relaxation of the film due to the large film thick-
ness (83 nm). In the thermally annealed films, as shown in Fig. 1(f),
the (222)-reflection of the film nearly coincides with that of the bulk,
suggesting that the compressive strain is significantly reduced. Note
that the elongation of lattice constants, which is possibly caused
by the off-stoichiometry,”"” is not found in XRD for all annealed
samples, suggesting that the capping layer works. The similar lattice
relaxation is observed for the annealed CalrO3/LAO(001), as shown
in Figs. S2(a) and S2(b) of the supplementary material. On the con-
trary, the strong and weak tensile strain appears to be imposed for
the films on STO(001) (+1.2%) and LSAT(001) (+0.3%) substrates,
respectively (Figs. S1-S3). As shown in Figs. S2(e) and S2(f) of the
supplementary material, for STO(001), the in-plane (out-of-plane)
lattice constant of the as-grown thin film is larger (smaller) than
that of the bulk,”” while the thermal annealing significantly relaxes
the tensile strain as well. Thus, the epitaxial strain is significantly
relaxed by the thermal annealing in both the compressively strained
and tensilely strained cases. Incidentally, for LSAT(001), the lattice
mismatch between the substrate and the film is so small that the pre-
cise evaluation of lattice constants of the film from the XRD patterns
is difficult [Figs. S1, S2(c), and S2(d)].

We first discuss the transport property of CalrOs grown on
LAO(110) and LAO(001), in which compressive-strain is applied
in the as-grown case. Note that all these samples exhibit electron-
type charge transport in both the as-grown and annealed films as
is the case of bulk samples.'* In Fig. 2(a), we show the tempera-
ture dependence of resistivity for the as-grown CalrO3/LAO(110)
(blue). The resistivity shows semimetallic temperature dependence
and moderately increases as temperature decreases in accordance
with the previous reports.”””* Figure 2(c) shows the Hall resistiv-
ity (pyx) of the as-grown CalrO3/LAO(110). pyx shows a moderate
temperature variation but remains to be nearly linear as a function
of magnetic field B at all temperatures. Here, we define the Hall coef-
ficient Ry as the slope of p;, at B = 0. The sign of Ry remains to be
negative at all temperatures, indicating that the charge transport is
governed by electron-type carriers. We plot the temperature depen-
dence of 1/e|Ru| as a measure of the carrier density in Fig. 2(b),
which monotonically decreases as temperature decreases. For com-
parison, the resistivity and 1/e|Ry| for the single crystalline bulk
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FIG. 2. (a) Resistivity and (b) carrier density of CalrO3/LAO(110) thin films as
a function of temperature for as-grown (blue) and annealed (red) samples. The
data of single crystalline bulk CalrO; (gray) (from Ref. 14) are also shown for
comparison. The values in (b) are the carrier mobility of the plotted samples at
2 K. [(c) and (d)] Magnetic field dependence of Hall resistivity for the as-grown
CalrO3/LAO(110) and annealed CalrO3/STO(001). The annealing condition was
1100 °C and 1 h for both LAO(110) and STO(001). (e) Optical conductivity spec-
tra for the as-grown CalrO3/LAO(110) (blue) and bulk sample (gray) at 10 K. The
inset schematically illustrates the density of states and respective (o and ) optical
transitions in CalrOs.

sample (gray, reproduced from Ref. 14) are also plotted in Figs. 2(a)
and 2(b), respectively. The behaviors of the resistivity and 1/e|Ry]
for the film are qualitatively consistent with the results of the bulk
except a downturn of resistivity below 20 K.'* In the bulk sample,
it is demonstrated that the thermally excited carriers at the Dirac
band are responsible for the temperature dependence of resistivity
and Hall resistivity; the apparent carrier density decreases and thus
the resistivity increases with lowering temperatures, whereas the
reduction in carrier density is compensated by the mobility enhance-
ment at low temperature, resulting in the resistivity-downturn."
The similarity in the temperature dependence of resistivity and
Hall resistivity between the film and the bulk except the resistivity-
downturn indicates that the charge transport in the thin film is also
governed by the Dirac electrons. In the scheme of single carrier
model, which is valid in the bulk sample, the typical carrier den-
sity (ng = 1/e|Ru|) and the mobility (un = 1/pxx|Ru|) are about
24 x 10 ecm™> and 57 cm? V7! s7L, respectively, at 2 K for the
as-grown CalrO3/LAO(110).

We also show the resistivity and 1/e|Ru| for the annealed
CalrO3/LAO(110) (red) in Figs. 2(a) and 2(b), respectively. The
overall behaviors are consistent with those of the as-grown one
except the following aspects; compared to those for the as-grown
one, the resistivity increases more steeply below 100 K, and 1/e|Ry|
become smaller especially at low temperatures. In the annealed
CalrO3/LAO(110), ng = 4.6 x 10"® cm ™2 and pu =93 cm? v igT!
at 2 K, which are lower and higher than those of the as-grown one,
respectively. A similar behavior is also observed in the as-grown
and annealed CalrO3/LAO(001). To be noted for the annealed
CalrO3/LAO(001) are that ny is reduced down to 2.5 x 10" cm™
and that py is significantly enhanced up to 160 cm® V™' s™! at 2 K.
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To clarify the electronic structure in the thin film, we have
explored the charge dynamics by means of the optical conductiv-
ity spectra ox(w). As shown in Fig. 2(e), ox(w) of the as-grown
CalrO3/LAO(110) shows two peaks around 0.2 eV (a-peak) and
0.7 eV (B-peak), respectively. The spectral shape and peak energy are
consistent with those of the bulk CalrO;. As is the case of SrIrOs; ™
and Sr,IrO4,*" these peaks are assigned to the optical transition
between the occupied jegr = 1/2- and unoccupied jess = 1/2-states and
that between the occupied jesr = 3/2- and unoccupied jeg = 1/2- states,
respectively, as illustrated in the inset of Fig. 2(e). The coincidence
of peak energy and spectral shape between the bulk and the thin film
suggests that the electronic structure of the thin film is similar to that
of the bulk sample.

On the other hand, the behavior of Ry is more compli-
cated for the films grown on STO(001) and LSAT(001), in which
tensile-strain is applied in the as-grown samples. For the as-grown
CalrO3/STO(001) and CalrO3/LSAT(001), the sign of Ry at low
temperatures varies from sample to sample. However, for the
annealed CalrO3/STO(001), the all samples exhibit positive Ry at
low temperatures, which differs from the negative-Ry behavior for
the films on LAO(110) and LAO(001) and the bulk sample.H For
the annealed CalrO3/LSAT(001), the sign of Ry at low tempera-
tures depends on the annealing temperature; Ry > 0 in the sam-
ples annealed at $1200 °C, whereas Ry < 0 in the ones annealed
at 21200 °C. To discuss the charge transport of hole-type carriers,
we focus on the annealed CalrO3/STO(001), but the main features
are similar for the annealed CalrOs/LSAT(001) with positive Ry.
Figure 2(d) exemplifies py for the annealed CalrO3/STO(001). pyx
is slightly nonlinear as a function of magnetic field at low temper-
atures. Ry shows a thermally induced sign change, which is often
seen in semiconductors or semimetals with the bipolar carrier trans-
port. Interestingly, the sign of Ry is positive below 50 K, suggest-
ing that the charge transport is governed by hole-type carriers at
low temperatures. Moreover, yy of the annealed CalrO3/STO(001)
reaches as high as 83 cm® V™! s7! with the typical hole density
pu = 44 x 10" cm™. In Figs. 3(b) and 3(c), the mobility of p-
type and n-type samples is plotted as a function of carrier density,
respectively. We note that the mobility increases up to the opti-
mum annealing temperature T* and then decreases above T as a
function of annealing temperature, as shown in Fig. S4. Here, we
plot the results below T*, wherein the lattice imperfection during
the annealing is expected to be minimal, in Figs. 3(b) and 3(c).
It is evident that, in both p-type and n-type samples, the mobil-
ity is enhanced as the carrier density decreases. The results also
show that the annealed samples tend to exhibit higher mobility
and lower carrier density than those in as-grown samples. We note
that the relatively high mobility hole with the low carrier density
has been reported for neither bulk nor thin film samples of AIrO3
so far.

These results demonstrate that the charge transport is governed
by the electron-type carriers for the compressively strained films
grown on LAO(110) and LAO(001) and their annealed films but
is governed by the hole-type carriers for the annealed films grown
on STO(001) and LSAT(001). Here, we discuss the possible origin
of the observed hole-type carriers. According to the theoretical cal-
culations,”'**" in addition to the Dirac line node, the normal band
crosses the Fermi energy nearby the I'-point in the momentum space
and yields a hole pocket with the effective mass more than 1.0 m,
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FIG. 3. (a) Schematics of the energy change in the Dirac node. [(b) and (c)] Mobility
as a function of carrier density at 2 K for p-type and n-type CalrOs thin films grown
on four kinds of substrates. Blue (red) symbols represent the data for the as-grown
(annealed) samples. The data for single crystalline bulk CalrO; (2 K and 0.12 K)
from Ref. 14 and those for polycrystalline bulk ones (2 K), which are prepared in
the similar condition in Ref. 14, are also plotted for comparison. Green lines are
guides to the eyes.

(myo is the free electron mass). However, it is not likely that the
mobility of massive hole is enhanced up to 83 cm> V™' 57! at the
carrier density of as low as 4.4 x 10'® cm™ in the correlated elec-
tron oxide. A more plausible scenario is that the energy of the Dirac
line node varies with the strain and annealing condition. Specifically,
the Dirac line node is located perhaps below the Fermi energy in
the compressively strained films and their annealed ones as con-
firmed for the case of bulk.'* On the contrary, it may be slightly
above the Fermi energy in the annealed ones which have been ten-
silely strained in the as-grown state, yielding the hole-type carrier
with relatively high mobility, as illustrated in Fig. 3(a). A possible
reason why the initial epitaxial strain in the as-grown state signifi-
cantly affects the carrier type or the energy of the Dirac line node
even in the strain-relaxed films is the change in the band structure
due to lattice distortion. Indeed, the energy and shape of the Dirac
line node are predicted to be sensitive to the electron hopping or
effective electron correlation.”'* Another possibility is the density or
character of the defect, which depends on the epitaxial strain in the
as-grown state, may cause such strain-sensitive charge transport in
this correlated Dirac semimetal. The slight change in the density of
0?"- or Ir*" -vacancies, which could not be quantified by the XRD,
can modify the band structure around the Fermi energy or effec-
tive electron correlation. The fact that CalrO3/LAO(110) with the
significant Ir**-vacancy, in which the Fermi energy would be low-
ered, remains to be of n-type suggests that the sign-change in carrier
type cannot be straightforwardly explained by the rigid band-shift.
Toward the fine tuning of the Dirac node to the Fermi energy in
thin films of CalrOs, our results suggest that one must carefully con-
sider the epitaxial strain and lattice imperfection, which would sen-
sitively change the energy of Dirac node even in the strain-relaxed
films.
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In conclusion, we show that the carrier density and mobil-
ity significantly change by controlling the epitaxial strain and its
relaxation via the thermal annealing procedure for thin films of
correlated Dirac semimetal of perovskite CalrOs. The results of
magnetotransport measurements show that the charge transport is
governed by electron-type carriers for the compressively strained
films and their annealed ones but is dominated by hole-type car-
riers for strain-relaxed films which have been tensilely strained in
the as-grown state. By controlling the lattice-relaxation, the mobil-
ity of the electron- or hole-type carrier is typically enhanced up to
160 cm” V™! s7! at 2 K as the carrier density decreases. We anticipate
that the energy change in the Dirac line node coupled to the lattice
distortion or defects causes such a variation of electron/hole-type
charge transport in this correlated Dirac semimetal.

See supplementary material for XRD 260 — w scans for the as-
grown CalrOs films grown on (001)-oriented substrates [LAO(001),
LSAT(001), and STO(001)] (Fig. S1), RSM for the as-grown and
annealed films on (001)-oriented substrates (Fig. S2), in-plane and
out-of-plane lattice constants of the films on (001)-oriented sub-
strates as a function of the lattice constant of substrates (Fig. S3),
carrier density and mobility at 2 K as a function of annealing tem-
perature (Fig. S4), and film thickness, annealing conditions, and
transport properties for all samples (Table S1).
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