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We performed angle resolved photoemission spectroscopy (ARPES) experiments on an electron
doped SraRhO4 system Sra—,Cer,RhO4 in order to investigate the electron doping induced metal-
insulator-transition (MIT). We establish the universality of MIT in electron doped SroRhO4 by
comparing results from Sra_;La;RhO4 and Sra_,Ce,RhO4. Via systematic analysis of doping
dependent transport and ARPES data, we show that the correlation-driven MIT with non-integer
electron number in electron-doped SraRhOy is universal and thus independent of the dopant. Within
the universality, ARPES analysis shows that the band topology determined by the spin-orbit cou-
pling (SOC) is likely a control parameter of the insulating gap size and critical electron number of
the MIT. We present a phase diagram of the insulating phase as a function of the effective SOC and

electron number.

PACS numbers:

Over the past decade, the concept of spin-orbit cou-
pling (SOC) driven metal-insulator transition (MIT) has
been adopted in the discussion of the electrical and mag-
netic properties of heavy-element compounds as found
in the case of SraIrO4Y. The strong SOC of the Ir in
SrolrOy leads to jers = 1/2 pseudospin states that ex-
hibit exotic properties such as Weyl semimetal phases®*
or Kitaev quantum spin liquid phases?. In most of the
studies, 5d transition metals such as Ir or Os are cho-
sen because of the required strong SOCHY. As a result,
the moderate SOC of 4d transition metal oxides (TMOs)
has been largely ignored; the SOC of 4d TMO systems
is generally considered insignificant compared with the
electron correlation and ligand field. However, recent
studies have shown that, even in 4d TMOs, SOC can
either renormalize band structures®™ or induce a Mott
state via SOC-driven band splitting”. The reported role
of SOC in the electronic structure suggests possibilities
for exotic physical phenomena caused by SOC even in 4d
TMOs.

A recent study of a mnovel SOC-driven MIT in
Sra_,LayRhOy4 (SL) can be an example. The result from
SL suggests that degeneracy lifting of the ¢y, bands due
to SOC can lead to an MITHV, Tt is known from stud-
ies of pure SroRhOy4 that Jefr = 1/2 and 3/2 bands
may be formed by a moderate SOC, especially near the
Fermi energy*. The work on SL showed that full oc-
cupation of the Jesy = 3/2 band can trigger an MIT in
the remaining partially occupied J.s; = 1/2 band, with-
out integer filling. The insulating gap of SL provides a
unique case in which the gap does not collapse during
further charge doping, unlike the ordinary Mott insula-
tors. While angle-resolved photoemission spectroscopy

(ARPES) has demonstrated that the band occupation is
the primary cause of the MIT, potential issues may arise
such as a disorder effect accompanied by the dopant.
Thus, further studies are needed to address how the
change in SOC affects the gap in the system.

To address these issues, we performed electronic band
structure studies of Ce doped SroRhO4 via ARPES. The
idea is that, if the SOC-driven MIT picture is right,
one should expect the same MIT in Ce doped SroRhOy4
with less Ce substitution in comparison to the SL case.
Through comparative study of Sry_,Ce,RhO4 (SC) and
SL, we find the universality that the MIT occurs in both
systems when the SOC-driven J.;s = 3/2 band is fully
occupied. Furthermore, we observe unexpected band
renormalization in SC, which is likely due to a change in
SOC. We present the quantitative relationship between
the SOC strength and insulating gap size, then construct
a phase diagram for the MIT.

SC samples were grown using the floating-zone
methodt¥4.  Off-stoichiometric RhoOz, SrCOs, and
CeO4 powders were mixed and sintered at 1100°C. The
sintered polycrystal was again ground and pressed into a
rod, and sintered at 1300°C. Single-crystal growth pro-
ceeded in an image furnace at 20 mm/h growth speed
under 10 atm of Og. After the growth, the crystals were
post-annealed under oxygen flow in order to reduce the
reported oxygen deficiency!?. The actual doping level
was measured by energy dispersive X-ray spectroscopy
as shown in the supplemental materials (SM)*. For
the X-ray diffraction (XRD), powder samples were pre-
pared by grinding annealed single crystals. A monochro-
matized Cu K, source was used for the measurement.
The ARPES measurements were performed at the Bloch
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FIG. 1: (Color online) Physical properties of Sro—,Ce,RhO4 (SC). (a) Temperature dependent in-plane resistivity. (b) Zabrod-
skii plot™™ of the resistivity for x = 0.22, where w = log(p/po). Dashed lines represent Mott (p = —1/2) and Efros-Shklovskii
(p = —1/4) models. The high temperature part approximately follows p = —3/2, which is a non-variable-range hopping behav-
ior, stemming probably from a thermal activation behavior. (¢) Doping dependent X-ray diffraction (XRD) data. The (2 2 0)
peak is ascribed to the space group of SroRhOy4 (I41/acd). Inset shows a magnified comparison of the doping-dependent (2 2
0) peaks. (d) Doping and temperature dependent magnetic susceptibility data. Inset plots the 1/x of x = 0.22. A Curie-type
fit (black dashed line) is used to extract the Curie constant C' and the effective magnetic moment peyy.

beamline of the MAX-IV synchrotron facility, and at the
home-lab system equipped with a helium discharge lamp
(He I light) at Seoul National University. All the mea-
surements were done at 20 K in an ultra-high vacuum
better than 1 x 10~1° Torr.

SC indeed has doping-dependent MIT as shown in Fig.
1(a). As is the case for the correlation-driven MIT in
SIAY, the MIT of the SC also occurs around a non-integer
value of x = 0.2, at which the electron provided by Ce
can be at most 0.4e. However, the non-integer doping
rate may indicate that the MIT is a mere consequence of
the Anderson localization from the disorder effect. Not-
ing that the MIT of the Anderson localization scenario
follows the Mott variable-range hopping (VRH) model,
we present in Fig. 1(b) a Zabrodskii plot of the tem-
perature dependent resistivity for the x = 0.22 sample
in order to verify whether the Mott VRH model governs
the transport. The slope in Fig. 1(b) is the exponent p
of the VRH model equation™13,
(T/To)? (1)
At high temperature, thermal excitation of electrons hin-
ders the observation of the VRH resistivity behavior.
The slope changes in the low-temperature region, and
shows the intrinsic property of the hopping. The low-
temperature slope well agrees with the Efros-Shklovskii
VRH model (p = —1/2)49 but not with the Mott VRH
model (p = —1/4f1 indicating that the insulating x =
0.22 sample possesses strongly correlated electronic be-
havior with a hard energy gap. These results suggest that
SC also has a correlation-driven MIT with a gap similar
to the case of previously discovered MIT in SIU.

While the resistivity implies an electronic origin of the
MIT, one needs to exclude other factors such as struc-
ture change or magnetic ordering. Plotted in Fig. 1(c)
are the XRD data for various dopings. The lattice pa-

P = poe€

rameters of the undoped system obtained from the XRD
data are consistent with the previous results’™¥2 and
the FWHMs of a few selected peaks do not show ap-
preciable doping dependence (please see the SM*). For
the doped compounds, one can consider that the crys-
tal radius of Ce*t (1.16 A) is smaller than that of Sr2+
(1.45 A)DI] Therefore, Ce doping accompanies chemical
pressure, which may alter the structure from tetragonal
to orthorhombic symmetry as Ca?* (1.32 A)? substitu-
tion does in SroRu042123, However, the (2 2 0) peak,
which should split under a tetragonal to orthorhombic
transition??, does not show any splitting in the doped
compounds. Therefore, Ce doping causes only a gradual
change in the lattice parameters, not a symmetry change.

The magnetic susceptibility data presented in Fig.
1(d) may also exclude contribution from magnetic order.
The Pauli-like paramagnetism is identified for x = 0.0, as
previously reported™23, The Ce doping gradually trans-
forms the system into a Curie-like paramagnetic system.
As a result, the z = 0.22 agrees well with Curie behavior
(x = C/T) in the high-temperature regions; the dashed
line in the inset is the fitted result. The estimated ef-
fective magnetic moment is perr = 1.55pup. The pefs
is less than the value predicted from S = 1/2 (1.73ug),
which may be due to the non-integer electron number.
The transformation from itinerant Pauli-like to localized
Curie-like magnetism may also suggests localization of
electron via the MIT. Above investigations on structure
and magnetism of SC show that the MIT of SC is not
from structural change or magnetic ordering, but should
be due to a correlation effect as deduced based on the
Efros-Shklovskii VRH behavior in the resistivity.

To investigate the electronic contribution to the MIT,
we measured the doping-dependent electronic structures
using ARPES as presented in Fig. 2. The Fermi surface
of the end-compound SroRhO, consists of two bands: «
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FIG. 2: (Color online) Angle-resolved photoemission spectroscopy (ARPES) results using 70 eV photons. (a)-(f) Fermi surface
maps for various = values. The definitions of the bands, the Brillouin zone, and the high-symmetry points are given in (a).
(g)-(1) Corresponding E—k data along the I'— X, marked with a dashed line in (a). Parabolic fits of the experimental dispersions
for the o (3) band are indicated by blue (green) dashed lines. Fitting method is described in the supplemental materials (SM)*.
The Fa top indicates the a band top position, which is the ARPES visible gap.

and 8 bands?3 27 As marked in Figs. 2(a) and (g), the
« band is a small hole band around the I' point, while
the § band is an electron band that crosses the Bril-
louin zone boundary. As electrons provided from the Ce
substitution are doped into the system, the bands show
rigid-band-shift as the parabolic fittings in Figs. 2(g-i)
show. However, no change is observed in the Fermi sur-
face topology of the two bands in Ce concentration range
of 0 < z < 0.15 (Figs. 2(a-c)). At the critical doping
x = 0.20, the o band top (Ea,t0p) locates just below
the Fermi level and the 8 band spectral weight near the
Fermi level almost disappears (Fig. 2(j)). At z > 0.22
the « further sinks below the Fermi level, and the 8 band
spectral weight vanishes completely, creating an insulat-
ing gap. Unlike the usual Mott gap, which collapses upon
charge doping?¥29 | the E, 10p gradually sinks beyond the
critical doping, indicating that the ARPES gaps in Fig.
2(k,]) increases with further doping.

The overall physical properties and doping-dependent
band evolution of SC are similar to those of STV, Gaps
are formed for the a and 8 bands upon electron doping.
At the critical doping, the a band rigidly shifts down be-
low the Fermi level, while the 8 band suddenly loses its
spectral weight at the Fermi level. Although such similar
behaviors of the SL and SC systems suggest an intimate
connection between the two MIT mechanisms, it is im-
portant to find out at which doping the transitions in the

two systems occur, in order to elucidate the connection.

The ARPES data analysis in Fig. 3 provides the dop-
ing dependent evolution of SC and SI'U electronic struc-
tures. Fig. 3(a) is the doping-dependent E, top. For
both systems, the a band top initially moves slowly to
the higher binding energy side upon doping, then it shifts
abruptly after the critical doping (around z =0.2 and 0.4
for Ce and La, respectively). A notable difference is the
dopant-dependent critical doping, for which a full discus-
sion will be given later. On the other hand, the 8 band
shows the MIT in a different manner. The 8 band spec-
tral weight at the Fermi level vanishes around the critical
point, as shown in Fig 3(b). However, unlike the a band
case, the 8 does not show a rigid-band-shift. Instead, the
spectral weight disappears at the Fermi level in the same
fashion as a Mott-Hubbard transition caséU31,

To track the evolution of the band in the energy
axis, Fig. 3(c) plots the momentum-averaged energy-
distribution curves from the 8 band Fermi surface in the
first Brillouin zone. The 8 band quasiparticle stays at the
Fermi level during the metallic regime (0 < z < 0.2) but
is gradually suppressed. Meanwhile, the a and ~ (fully
occupied tay) bands are located below the Fermi level
(blue shaded area). As the 8 peak disappears, the spec-
tral weight below the Fermi level (blue and green shaded
areas) appears to increase, which can be interpreted as
spectral weight transfer from the coherent 5 band. Such
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FIG. 3: (Color online) Analysis results of the SC and

Sra_;Lay,RhO4 (SL) ARPES data. The SL ARPES data were
acquired at ALS Beamline 4.0.3™. (a) Doping dependent
Eq top estimated using the parabolic fits in Figs. 2(g-1). Crit-
ical doping determined from the resistivity and ARPES data
of SC (SL) is indicated by the red (blue) vertical dashed line.
(b) Doping dependent 8 band spectral weights. The spectral
weight is obtained from the Fermi level momentum distribu-
tion curves (MDCs) extracted along the I'—I' direction. The
[ band used for the analysis is indicated by the green point in
Fig. 2(a). Please see the SM for details. The inset is a mag-
nified image without the non-doped sample. (c) the 8 band
energy-distribution curves (EDCs) averaged along the Fermi
momenta of the 8 band in the first Brillouin zone. Blue indi-
cates the a and v contributions, whereas green indicates the
a, B, and v contributions.

gap formation as well as spectral weight transfer are con-
sistent with the known behavior upon Mott-like correla-
tion gap formation in the 3 band3U31,

As the study on the SL suggested that the full oc-
cupation of the a (Jeyy = 3/2) band triggers the (3
(Jeyr = 1/2) band suppression™, we propose that SC
also has the same MIT mechanism. This can be expanded
to an argument that any charge doping in SroRhO,4 which
can push the a band below the Fermi level will leads to
the same mechanism of gap opening.

An important question is what the difference between
the SC and SL is. Fig. 4 shows results of a further anal-
ysis of the ARPES data with help of the tight-binding
(TB) calculations. Fig. 4(a) shows the changes in the
electron numbers, An,, as a function of the nominal dop-
ing values z of La and Ce. It is seen that the La substi-
tution has almost a linear relationship with An.. On the
other hand, Ce has one more electron than La. However,
the actual estimation of An, is less than two electrons
per atom, which may be due to disorder-driven localiza-
tion or a partial formation of the localized f-electrons3.
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FIG. 4: (Color online) Doping-dependent properties of SC
and SL. (a) Total electron number determined from the
ARPES data in the SM using the Luttinger theorem™. (b) a-
and c-axis lattice parameters estimated from the XRD data
in Fig. 1(a) (detailed fitting is given in the SMT). (c) Band
splitting (A) between the o and 8 bands at the I' point ob-
tained via parabolic fittings in Fig. 2(g-1) (described in the
SM™). (d) Calculated A as a function of the SOC strength,
A, obtained by tight-binding (TB) calculations. Overlays are
measured A values for Ce x = 0.2 and La « = 0.4. Using
the calculated A line, we can obtain the effective SOC values
for the two systems. (e) Calculated Eq t0p as a function of
A from TB calculations. (f) Ea,top extracted from integrated
EDCs of SC and SL (as defined in Fig. 2(k, 1)) depending on
total electron numbers estimated from Fig. 4(a). Total elec-
tron numbers of insulating compounds (empty squares) are
estimated by extrapolation of the Fig. 4(a).

As a result, at the critical doping (z = 0.2 for Ce and
x = 0.4 for La), An, is approximately 0.287e for the
Ce and 0.365e for the La. Thus, the SC requires fewer
electrons to fully occupy the o band to trigger the MIT,
which may due to a dopant-dependent band renormal-
ization. An easy to imagine culprit for the different band
renormalization may be the difference in the lattice con-
stant change due to a dopant-induced chemical pressure.
Fig. 4(b) compares the a- and c-axis lattice constants as
a function of An, for the two systems. It is seen that the
lattice constants gradually vary upon electron doping for
both dopants. At the critical points, the lattice constants
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FIG. 5: (Color online) Phase diagram of electron doped

SroRhO4. The phase boundary between the metallic and in-
sulating phases is taken as the midway between the metallic
(filled squares) and insulating (empty squares) phases. The
actual electron numbers of the insulating phases are estimated
via linear extrapolation of the data in Fig. 4(a). The color
scale in the insulating phase represents the Fu t0p shown by
the scale bar.

of the Sry gCegoRhOy (a = 5.4962A, ¢ = 25.528A) and
Sry gLag4RhOy4 (a = 5.4988A, ¢ = 25.526A) have less
than 0.05% difference, which is unlikely to significantly
alter the electronic structures33:34,

Instead, we attribute the difference in the critical elec-
tron doping to the enhancement of the band hybridiza-
tion near the Fermi level, which is often referred to as
‘effective SOC’ in previous studies®¥357  Plotted in
Fig. 4(c) is A, the band splitting between the a and
(8 bands at I, for the two systems. The A shows signifi-
cant dopant-dependent evolution. While the A has rela-
tively small z dependence for the La doped case, far more
change (about 95 meV) is observed for the Ce-doped case.
Previous studies have shown that A is proportional to the
SOCH. Therefore, the increase in A may be interpreted
as an increase in the effective SOC strength (Aerf). Fig.
4(d) shows a linear relationship between TB calculated
SOC strength A and A values. Based on Fig. 4(d) and es-
timated A values in SM™, we find that the effective SOC
strength for SC (x = 0.2) and SL (z = 0.4) are 177 and
79 meV, respectively (106 meV for undoped SraRhOy).
The A analysis and the TB calculations reveal that the
effective SOC in the two systems can be significantly dif-
ferent. This difference in the effective SOCs may lead to
the difference in the critical electron doping of the two
systems.

Here, we discuss how the effective SOC is related to
the critical electron doping, for which we focus on SOC-
driven band reconstruction of the a and 8 bands. Since
the o and 3 bands are from nearly J.;y states, a larger
SOC may increase the J.r¢ projection and will split the

two bands further, i.e., the @ band of SC (z = 0.2) is low-
ered compared to that of SL (z = 0.4). As a result, SC
requires less electron doping to push the o band below the
Fermi level, and thus has smaller critical electron number
to have MIT compared to SL as seen in Fig. 4(f). The
TB calculations support this idea as presented in Fig.
4(e) where the calculated E, 10p as a function of SOC
is shown. A sufficiently large SOC can sink the « band
below the Fermi level. The validity of this interpreta-
tion can be also seen in the doping-dependent, measured
FEqtop in Fig. 4(f). SC shows a much stiffer enhance-
ment of the E, ;,, by the increasing electron number
compared to SL. This is due to the larger SOC strength
of the Ce-substituted system and corresponding strong
band renormalization.

Based on the parameters extracted from the data, the
MIT phase diagram as a function of the effective SOC and
electron number is constructed as depicted in Fig. 5. The
metallic phase exists where both the o and 8 bands cross
the Fermi level. When the effective SOC is small, the two
bands are not split enough that electron doping may not
sink the a band below the Fermi level. Thus, both the
« and 8 bands remain metallic. A strong effective SOC
(Aefr > 0.4 €V) such as one in SroIrOy4 almost fully splits
the o and B bandd™38. As a result, the o band is located
below the Fermi level, even without electron doping. In
that case, the system may form a single J sy = 1/2 band
Mott phase with a half-filled 8 band. At an intermediate
effective SOC, the interplay between the effective SOC
and the electron number may determine the Fy ;o as we
discussed for the SC and SL systems. The gap becomes
larger when the electron doping or the effective SOC push
the Eq top further below from the Fermi level. Therefore,
a dome-like metallic phase is formed, surrounded by the
insulating phase. The phase diagram implies that we can
vary the electron doping and effective SOC to control the
gap of the system.

Our findings may be expanded to various systems with
multi-band structures near the Fermi level. Here, the
SOC-driven band split is a key ingredient of the band
structure to have the MIT. However, we point out that
any system with multi-bands near the Fermi level with a
proper degeneracy lifting mechanism can have a doping-
dependent MIT. As 4d TMOs possess d bands near the
Fermi level2257 other 4d TMOs may be good candidates
to find new doping-dependent MITs.
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