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Spin-orbit coupling driven orbital-selective doping effect in Sr,Ru;_,Ir,O4
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Orbital-selective phenomena in mutliorbital systems have received much attention due to their uniqueness
as well as possible connections to other phenomena. As orbital-selectiveness is mostly related to the crystal
structure, finding a new control parameter other than structure would be of significant importance. Here we report
discovery of an orbital-selective doping effect in Sr,Ru;_,Ir,O4 (SRIO). Our systematic electronic structure

study of SRIO reveals an anomalous orbital-selective doping effect and concomitant Lifshitz transitions (LTs) in
the y band. With the help of a tight-binding calculation, we find that the orbital-selective doping effect is due to
variation in the spin-orbit coupling (SOC) strength. Our findings not only elucidate the mechanism of LT in the
y band in SRIO but may also open new avenues for novel SOC-controlled orbital-selective phenomena.

Orbital-selective phenomena are one of the most fascinat-
ing subjects in mutliorbital systems since their dual nature
may bring about unexpected novel phenomena. The pro-
posal that an orbital-selective Mott phase (OSMP) exists in
Sr,_,Ca,RuO4 (CSRO) initiated research on orbital-selective
phenomena [1], and there have been numerous reports on
the issue [2-5]. For instance, CSRO and iron-based super-
conductors (IBS) exhibit OSMPs in which Mott localization
occurs in only one band [2,3]. Other systems, such as
a-MoCly, exhibit orbital-selective magnetic moment suppres-
sion [5,6]. In most cases, the orbital-selectiveness comes
from structural anisotropy or distortions. For instance, oc-
tahedral distortion-driven bandwidth reduction triggers the
OSMP in CSRO, and tetrahedral bonding between iron and
an anion (pnictogen/chalcogen) in IBS causes the dy, band
to become selectively localized. In addition, temperature-
dependent dimerization results in orbital-selective magnetic
moment suppression in «-MoCly. That is to say, crystal struc-
ture is thought to be the most important factor in triggering
orbital-selective phenomena.

One may look for parameters other than crystal structure
to trigger orbital-selective phenomena. As we will show here,
spin-orbit coupling (SOC) is one such candidate. In heavy
metal compounds such as 4d/5d transition metal oxides
(TMOs), the strong SOC reconstructs the orbital eigenstates,
which eventually results in unexpected novel phenomena
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such as metal-insulator transition [7-10] and topological
semimetallic behavior [11]. The SOC strength in 4d/5d
TMOs (150-400 meV) [9,12] is comparable with the en-
ergy scale of crystal field splitting (a few hundreds of meV)
[13-15], and therefore SOC may trigger an orbital-selective
behavior in the same way that the crystal structure does.

Sr,Ru;_,Ir,O4 (SRIO) may be a suitable system to in-
vestigate the effect of SOC on the electronic structure. The
end compounds of SRIO are a three-band metal (Sr;RuQy)
and a Jeg insulator (SrIrOy4). Substituting Ru*t (4d*) with
Ir** (54°) in Sr,RuQ, changes both charge carrier density
and SOC strength, leading to a complicated phase diagram
[16]. Here we report an alternative orbital-selective effect in
SRIO. In our electronic structure study of SRIO, we observe
an unexpected orbital-selective electron doping effect as well
as a two-step Lifshitz transitions (LTs) in the d, band as the Ir
concentration (x) increases. With the help of our tight-binding
(TB) calculations, we find that the orbital-selective doping
effect is induced by the interplay between the electron doping
effect and the SOC strength change due to Ir substitution. Our
results not only describe how SOC modifies the electronic
structure, but also suggest the importance of SOC as a control
parameter for orbital-selective phenomena.

SRIO single crystals were grown using two methods: the
floating zone method for Sr,RuO,4 [17-19] and flux method
for Ir doped samples [8,20,21]. The Ru and Ir concentrations
were measured using energy-dispersive x-ray spectroscopy
(Supplemental Material, Sec. I [22]), and they were found
to be consistent with the nominal values. Angle-resolved
photoemission spectroscopy (ARPES) measurements were
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FIG. 1. Fermi surface (FS) maps for SRIO. (a)—(c) Experimental FS map for (a) x = 0.0, (b) 0.2, and (c) 0.5, and (d)—(f) corresponding
schematic band structures. The solid black squares mark the bulk Brillouin zone (BZ) at each doping level, and dashed black ones are the
/2 x /2 reduced BZ due to surface octahedral rotation (OR). At x = 0.5, there is bulk OR distortion which leads to a +/2 x +/2 reduced BZ
as the surface OR does in (a) and (b). The blue, green, and red lines in panels (d)—(f) indicate «, 8, and y bands, respectively. Solid (dashed)
lines correspond to bulk (surface) FS pockets. For an easier understanding, symbols of the /2 x +/2 reduced BZ are used for high symmetry

points as denoted in (a).

performed at the beamlines 4.0.3 and 7.0.2 of the Advanced
Light Source, Lawrence Berkeley National Laboratory, Cali-
fornia, USA. Samples were cleaved in situ and measurements
were performed using hv = 70 eV light with linear horizontal
polarization. More detailed description on the experimental
condition is given in Sec. II of the Supplemental Material [22].

Figure 1 shows the Fermi surfaces (FSs) of SRIO. The FS
of Sr;RuOy4 [x = 0.0, Figs. 1(a) and 1(d)] shows three types of
FS pockets («, B, and y) depending on orbital characters (dyy
for y and d,; /., for a/B) [26-28]. Octahedral rotation (OR)
distortion, which exists on the surface of Sr,RuQy, duplicates
these FS pockets (ag, Bs, and y5) with a reduction of the
Brillouin zone (BZ) of /2 x +/2. Note that the bulk y band is
an electron-like pocket centered at I', while the surface band
ys is a hole-like pocket centered at (;r,7) of the unreduced
BZ (or at I’ of the reduced BZ). It can clearly be seen that
the /B and y bands show completely different responses to
Ir doping. As x increases, the FS volume of the «/8 bands
hardly changes, with an invariant FS topology. On the other
hand, the (bulk) y band shows two-step LTs around x = 0.2
and 0.5 [Figs. 1(e) and 1(f)].

The first LT occurs between x =0.1 and x=0.2
[Figs. 1(b) and 1(e)]. The y FS exhibits an electron-like

pocket for x < 0.2, thus the surface distortion-driven hole-like
ys can be distinguished [Figs. 1(a) and 1(d)]. As x increases,
we observed the electron-like y FS disappears at x = 0.2
while the hole-like ¥ becomes intensified. We obtained our
FS images after aging the samples (Supplemental Material,
Fig. S2 [22]) to eliminate surface-distortion-driven bands.
Considering those figures, the disappearance of the electron-
like y FS is due to the first LT to a hole-like FS. As x further
increases, the y FS disappears between x = 0.4 and x = 0.5
(the second LT), leaving only the o and 8 FSs [Figs. 1(c) and
1(f)]. Detailed analysis are provided in Supplemental Material
Fig. S3 [22]. Note that & and 8 hardly change, while y shows
a dramatic variation in FS topology with increasing x.

To track the x-dependent electronic structure evolution
quantitatively, we extract the electron occupation number
of each band using the Luttinger’s theorem [Fig. 2(a)]. As
mentioned above, Ir substitution for Ru changes both charge
carrier density and SOC strength. If we neglect the effect of
SOC, it is natural that the electron occupations of all three
bands («, B, and y) increase with x, which is supported by
TB calculations [Fig. 2(a)]. However, the estimation based
on our experimental results [Fig. 2(a)] shows a totally differ-
ent behavior. As x increases, the y band fills with a larger



20 £0-54 (b) x=0.0 (€) x=0.2 (d) x=04 (&)
v 0.5
1.8 ; ' Py
46 - , iy
=16 o0 04 b Pl ] a=204mev]
1.4 """ —m— Experiment ! A = 154 meV L
- <> - Theory ' P 2
12— 17 0.3 Vil 1A g2
1.2 R Bale= ;
B = A=79meV / e
L 1.0 o 3 0.2 1 I . 7 . 4350
< T = i L) i3m0
0.8 0% u S B ; at,E32
v + 0.1 -] Bl sal | AR e
0.6 -0.12 W 'l,/G ‘. i o) N 0 0
20 I I | I I T k vSI’ ' I ! 4 ! High
o 0.0 D1 i j
ol L . ‘ 3
o 0--0""%40. 4 h : 7
r o r ] T
16—T—T—T—T 7171 0.2 T T T T |LOW||||||0
0.00.10.20.30405 00 04 038 1200 04 038 1200 04 08 1.2 0.0 0.1 0204 04 05
Ir doping x k(A1) k (A7) k (A7) Ir doping x

FIG. 2. (a) Experimentally (filled square) and theoretically (empty square) obtained electron occupation numbers as a function of the Ir

concentration (x) for ;, B, and y bands. Due to the difficulty in tracking the y electron occupation (n, ), n, is estimated from n,,

— Ny — Ng,

and n,, is set to be 2.0 for x > 0.5. The theoretical electron numbers are calculated by assuming a rigid-band-like shift in our tight-binding (TB)
calculation [Fig. 3(b)]. The black arrows indicate the change of the experimental value between x = 0.0 and 0.5. (b—d) Band dispersions along
the I' — I'” high symmetry line for (b) x = 0.0, (c) 0.2, and (d) 0.4. The colored dashed lines are extrapolated (quadratic) band dispersions for
the bands. The energy difference between the top of « and B bands (A) is expected to be proportional to the SOC strength since « () band
corresponds to Jeir = 3/2 (Jeir = 1/2) near the Fermi energy. (e) x-dependent A for x < 0.5.

number of electrons (0.54¢ at x = 0.5) compared to the the-
oretically estimated value (0.24¢). Furthermore, the § band
undergoes a negative electron doping effect [ng(x = 0.5) —
ng(x = 0.0) & —0.12¢], showing a deviation between the ex-
perimental and theoretical values of approximately —0.27¢ at
x = 0.5. In brief, as x increases from 0 to 0.5, the changes in
electron numbers are 0.08¢ («), —0.12¢ (B), and 0.54e (y).
In other words, most of the electrons from Ir doping (0.5¢e at
x = 0.5) are selectively received by the y band.

The observed orbital-selective doping effect can be at-
tributed to the SOC. Ir (Asoc &~ 400 meV) substitution of Ru
(Asoc = 150 meV) applies a stronger SOC to the electronic
structure; Figs.2(b)-2(d) show the effect. Previous studies
of 4d/5d TMOs revealed that the SOC strongly affects the
eigenstates of «, 8, and y bands [7,8,29], and it is known that
the energy splitting (A) between « and B is proportional to the
SOC strength [9,30]. In order to estimate the variation of the
SOC, we extracted A by extrapolating the experimental bands
with an assumed quadratic dispersion (Supplemental Mate-
rial, Sec. III [22]). As expected, we observe an approximate
proportionality between A and x increase [Figs. 2(b)-2(e)],
which indicates that varying the SOC strength significantly
modifies the electronic structure of SRIO.

The detailed role of the SOC in the electronic structure
can be investigated using TB calculations. As SOC strength
increases, all the bands («, 8, and y) become mixed orbital
states (near Jei states). As a result, the relative energy level
difference between the 8 and y bands increases with SOC
(black arrow on the X point in Figs. 3(a)-3(c)]. The orbital-
selective doping effect in Fig. 2(a) can be understood to be
due to the SOC-driven splitting between the § and y bands.
The SOC moves the y (8) band downward (upward) in terms
of energy [Figs. 3(a)-3(c)], transferring electrons from S to y.
Hence, the TB calculation indicates that the orbital-selective

doping effect in y and the negative doping effect in S can be
explained by the change in SOC.

Let us reconsider the LTs in the y band. The first LT in
SRIO is analogous to that observed in a previous study on
Sr,_,La,RuOy4 [31]. In Sr,_,La,RuO,, La (5d6s%) substitu-
tion of Sr (5s%) applies an electron doping effect (without SOC
strength change), leading to an LT in the y band near x = 0.27
(0.27¢) which accompanies a FS change from an electron- to
hole-like pocket. Note that the first LT in SRIO occurs at x <
0.2 (0.2e). That is, SRIO requires a smaller electron number to
generate the LT, compared to Sr,_,La,RuQO,. Considering that
an increase in the SOC has an electron doping effect on the y
band [Figs. 3(a)-3(c) and 3(e)-3(g)], increased SOC strength
leads to an additional doping effect in the y band. Therefore,
the first LT in SRIO occurs at a lower doping level (x < 0.2)
compared to that in Srp_,La,RuQy4 (near x = 0.27).

As for the second LT (the missing y band at x = 0.5), we
performed further simulation via a TB calculation. Figure 3(h)
shows a simple electron doping effect on top of the strong
SOC shown in Fig. 3(g). As can be seen in Fig. 3(h), the y
FS pocket still exists, even though it becomes significantly
smaller. That is, the second LT cannot be fully understood by
considering only the SOC and electron doping effects.

The last piece of the puzzle for the second LT is the OR dis-
tortion. A previous crystallographic study on SRIO revealed
that OR appears around x = 0.5 [16], which we confirm
again with transmission electron diffraction measurements
(Supplemental Material, Sec. IV [22]). According to theoreti-
cal studies on Sr,RhO4 and Sr,_,Ca,RuOy, OR plays a signif-
icant role in the electronic structure by causing d,2_,» and d,,
to hybridize and, eventually, d,, (or partially mixed ‘dxz,vz) to
sink below the Fermi level [32,33]. To examine the role of OR
further, we performed a TB calculation which considers the
OR in addition to the effect considered in Figs. 3(c) and 3(h).



Sr2RuO4
A =130 meV

(a) A=0meV (b)

Sr2Ruo.slro.s04
0.54e + OR

(c) A =300 meV (d) A =300 meV

FIG. 3. (a)—(c) SOC-dependent electronic structures from TB calculations for (a) A = 0, (b) 130, and (c) 300 meV, and (e)—(g) correspond-
ing FS maps. A, the splitting between « and B bands at I', is defined in Fig. 2. (h) FS map of (c) (A = 300 meV) but with 0.54 electron
doping which is taken from the n, in Fig. 2(a). (d), (i) OR effect is further considered in addition to A = 300 meV and 0.54 electron doping.
To show the SOC-driven orbital mixing effect in panels (a)—(d), the band characters are color coded with d,, (red), d., (green), and d,, (blue)
projection. The TB calculation results in panels (f) and (i) closely resemble the experimentally obtained FS maps of Sr,RuO, [Fig. 1(a)] and

SryRu 51rg sO4 [Fig. 1(c)], respectively.

The result [Figs. 3(d) and 3(i)] successfully reproduces the
missing y FS (the second LT).

Figure 4 summarizes the electron occupation of the y band
and the electronic phase diagram (the number of FS pock-
ets). We categorize the source of the electrons in the y band
(Fig. 4). The result shows that SOC variation leads to a large

1stLT
BZ BZ

2nd LT

2.0 —moR ™ = 2,
-18
= )C.._ _o---"
16 e Y
1.4 9
3 bands 2 bands
0.0 0.2 0.4 0.6 0.8 1.0
Ir doping x

FIG. 4. Ir concentration dependent evolution of the y band. The
upper panel displays the x-dependent topology of the y band. The
corresponding electron occupation number 7, is shown in the middle
panel. Based on the TB calculation result in Fig. 3, the change in
the electron number is quantitatively attributed to contributions from
electron doping, SOC, and OR. On the bar in the lower panel, the
doping range is categorized in terms of the number of FSs.

electron doping effect that is comparable to the “e-doping”
case (the simple electron doping effect due to the number
of valence electrons). Notably, the “e-doping” effect alone
does not cause full occupation of the y band even though we
extrapolated up to x = 1.0, thus SOC is an essential ingredient
to cause full occupation of y.

At this stage, we can consider how a three-band metal
(Sr,Ru0y) evolves into a Mott insulator (Sr,IrO4) over the full
doping range in SRIO. A previous study on Sr,_,La,RhO4
revealed that the “single-band” is one of the essential con-
ditions for a J. Mott state [10]. In this regard, to fully
understand SRIO, it is important to track how the num-
ber of bands evolves. At x = 0.0, three FS pockets («, 8,
and y) exist because three nearly degenerate #,, states are
filled with four electrons. As x increases, SOC lifts the de-
generacy of .. Up to x = 0.5, the y band becomes fully
occupied because of the orbital-selective doping effect, and
therefore the SRIO becomes a two-band metal (o and fB).
With further Ir doping (x > 0.5), the stronger SOC causes
o and B to split further, and the SRIO eventually becomes
single-band (f) which meets the necessary condition for a
Mott state as in the SrpIrO4 (x > 0.7, Supplemental Material,
Fig. S6 [22]).

Our study of SRIO has several important implications.
The first concerns the discovery of an exotic orbital-selective
doping effect driven by SOC. Until now, crystal structure was
thought to be the most important factor to trigger orbital-
selective phenomena. However, the energy scales of SOC
strength (150-400 meV in 4d /5d TMOs) [9,12] are compara-
ble with that of crystal field splitting (a few hundreds of meV)



[13-15], and thus the SOC may be a factor that is sufficient
to trigger orbital-selective phenomena. Consistent with this,
we observe an orbital-selective doping effect in SRIO that
is driven by SOC variation, thus our study may expand the
boundary of orbital-selective physics to materials in the strong
SOC regime.

Another importance of our study is the provision of quan-
titative analysis on the role of SOC. Although there have
been many studies of 5d iridates, which have strong SOC,
most were limited to the strong SOC regime, focusing on the
exotic phenomena of the system itself. For instance, there have
been various electronic structure studies of SRIO as well as
Sr,Rh_, Ir,O4 to understand the role of SOC [30,34,35], but
most have focused on the strong SOC-driven Mott insulating
state in SrIrO4, not on how SOC determines the elec-
tronic structures. Furthermore, in the case of SroRh|_,Ir,Oy4,
whether the effective SOC strength actually changes with the
Rh concentration is still controversial [34—37]. Therefore, to
understand the role of SOC fully, appropriate target materials
(such as SRIO) as well as quantitative/comprehensive studies
that track the electronic structure evolution with SOC is essen-
tial. To achieve this goal, it is highly required to investigate the
electronic structure of the metallic state side rather than the
insulating one, because the strong electron correlation effect
precludes observing the electronic structure directly. In this
respect, we focus on the metallic state of SRIO, which shows
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