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We use resonant elastic and inelastic X-ray scattering at the Ir-Ls edge to study the doping-
dependent magnetic order, magnetic excitations and spin-orbit excitons in the electron-doped bilayer
iridate (Sri—zLag)slroO7 (0 < z < 0.065). With increasing doping x, the three-dimensional long
range antiferromagnetic order is gradually suppressed and evolves into a three-dimensional short
range order across the insulator-to-metal transition from z = 0 to 0.05, followed by a transition to
two-dimensional short range order between x = 0.05 and 0.065. Due to the interactions between
the Jeg = % pseudospins and the emergent itinerant electrons, magnetic excitations undergo damp-
ing, anisotropic softening and gap collapse, accompanied by weakly doping-dependent spin-orbit
excitons. Therefore, we conclude that electron doping suppresses the magnetic anisotropy and in-
terlayer couplings and drives (Sri—zLag)3Ir2O7 into a correlated metallic state with two-dimensional
short range antiferromagnetic order. Strong antiferromagnetic fluctuations of the Jog = % moments
persist deep in this correlated metallic state, with the magnon gap strongly suppressed.

PACS numbers: 74.10.+v, 75.30.Ds, 78.70.Ck

The layered Ruddlesden-Popper iridate series
Sty 411r, 03,41 (R = 1,2) that hosts novel Jeg = %
Mott insulating states have recently attracted much
interest owing to their potential for exploring novel
collective quantum states by charge-carrier doping in the
strong spin-orbit coupling (SOC) limit [1-8]. Distinct
from 3d Mott insulators where strong on-site Coulomb
electron correlation (U) dominates [9], the Jog = 2 Mott
state in iridates is induced by cooperative interplay
between crystal-field, SOC (~ 0.4 éV) and an intermedi-
ate U [4]. The novel Mott insulator SraIrOy is similar
to LagCuO4 in magnetic order, spin dynamics and
electronic structure [3-7, 10-14]. It has been suggested
that electron-doped SroIrQO4 is an analogous system to
hole-doped LayCuQOy4 [15, 16], which is supported by
numerous nontrivial experimental observations such as
Fermi arcs, pseudogaps, d-wave gaps and persistent
paramagnons [17-24].

Compared with SroIrQOy, the bilayer Sr3lroO7 bearing
strong interlayer coupling is similar to bilayer cuprates
[25] and shows unique advantages in exploring novel
phases via electron doping since it retains the Jo.g = %
Mott state while lying close to an insulator-to-metal tran-
sition (IMT) [7, 8]. Due to its bilayer structure, SrgIr,O7
exhibits a much smaller gap AFE = 130 meV than SroIrOy
(AE =~ 600 meV) [7, 26, 27]. The strong interlayer
coupling and magnetic anisotropy induce a c-axis G-
type antiferromagnetic order (AFM) below Ty ~ 285 K
[8, 28] and distinct magnons bearing a large magnon gap
~ 90 meV [29, 30]. Because of the small charge gap of
Sr3lroO7, one can expect a homogeneous metallic state

to develop by minor charge carrier doping. Indeed, an
IMT and a robust metallic state have been realized in
(Sr1_zLag)3lraO7 for x 2 0.05 [31, 32]. Since minor La
dopants have little structural effect on IrOs layers while
driving the system across the IMT, (Sri_,La,)slraO7
provides an ideal platform to exploring novel phenom-
ena arising from charge carrier doped Jeg = % Mott
states, in the presence of strong interlayer coupling and
magnetic anisotropy [29, 30]. However, the doping evo-
lution of the ground state of (Sr;j_,La,)3IraOr7 is still
under intense debate [32-35]. Angle-resolved photoemis-
sion (ARPES) measurements revealed a strong coherent
quasiparticle peak and suggested a conventional, weakly
correlated Fermi liquid ground state for = > 0.05 in
(Sr1—,La,)3Ira07 [33]. On the other hand, a comprehen-
sive study [32] and later ARPES measurements [35] on
(Sry_.La,)3IrsO7 suggested a correlated metallic state
for £ > 0.04. In order to reveal the nature of the metal-
lic state, a detailed study of the elementary excitations
is required that can determine the doping evolution of
the electronic interactions, especially the magnetic cou-
plings. Furthermore, since the magnetic anisotropy has
been suggested to contain bond-directional pseudodipo-
lar interactions arising from the J.g = % states, its re-
sponse to electron doping will shed light on understand-
ing the SOC physics in doped iridates [5, 8, 29, 30].

In this letter, we present measurements of the dop-
ing dependence of the magnetic order and the elemen-
tary excitations across the electron-doping driven IMT in
(Sry_.La,)3Iro07 (z = 0,0.02,0.03,0.05 and 0.065) us-
ing Ir-L3 edge resonant inelastic X-ray scattering (RIXS)



[36]. Our results reveal an evolution of the AFM from
three-dimensional (3D) long range AFM (LAF) (z <
0.03) to 3D short range AFM (SAF) (x ~ 0.05) across
the IMT and subsequent 2D SAF deep in the metallic
state (x = 0.065). Following the evolution of the mag-
netic order, we present a detailed analysis of the doping-
dependent magnetic excitations and spin-orbit excitons,
from which the doping effects on the magnetic couplings
and the nature of the metallic state are determined.
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FIG. 1. (color online). (a) In-plane crystal structure and the
rotation of the IrOg octahadra (~ 12°) around c axis. (b)
G-type collinear antiferromagnetic order with moment along
c axis . J, Jo and Js are first, second and third nearest
superexchange couplings within ab plane, respectively. J. and
Jac are first and second nearest couplings along c¢ axis. (c)
Schematic phase diagram of (Sri—,Las)3Ir2O7, adapted from
ref. [31, 32]. LAF and SAF are long range and short range
antiferromagnetic order, respectively. The insulator-to-metal
transition (IMT) occurs at  ~ 0.04. The dopings used in the
present study are marked by red dots. (d) L scan of the c-
axis G-type antiferromagnetic order for z = 0 and 0.03. (e),(f)
Doping dependent H and L scans across the magnetic Bragg
peak (3,3,28). The green solid curve in (e) is a fit of the L
scan for z = 0.05. All the measurements were performed at
30 K unless otherwise indicated.

The measurements on (Sri_,La,)3lraO7 were carried
out at the ID20 beamline (z = 0.02,0.05 and 0.065) of the
European Synchrotron Radiation Facility (ESRF) and
the 27ID-B beamline (z = 0 and 0.03) at the Advanced

Photon Source (APS) [37-39]. To facilitate comparison
with previous results [29, 30], we use the tetragonal no-
tation [Figs. 1(a) and 1(b)] in presenting our RIXS re-
sults and define the momentum transfer Q in reciprocal
space as Q = Ha* + Kb* + Lc*, where H, K, and L
are Miller indices and a* = é%”, b* = 627“, ct = 627”
with a ~ b~ 3.9 A, and ¢ ~ 20.9 A for Sr3Ir,O7. In this
notation, the wave vector of the c-axis G-type AFM is
a=(3,3,0) [29, 30].

We first describe the doping evolution of the magnetic
order. Figure 1(a) shows the in-plane structure and the
rotations of the IrOg octahedra in Sr3lroO;. The ex-
change couplings on the tetragonal lattice and their nam-
ing conventions are described in Fig. 1(b). Figure 1(c)
is a schematic magnetic and electronic phase diagram of
(Sry_.La,)3IrsO7 [31, 32]. The doping levels x measured
at T = 30 K are indicated by red circles. To character-
ize the doping-dependent AFM, we have measured the
magnetic Bragg peaks along [H, 3,28] and [, 1, L] for
x = 0,0.02,0.03,0.05, and 0.065 using the elastic chan-
nel of the RIXS spectrometer [39]. The L scan for x =0
displays magnetic Bragg peaks from L = 19 to 28 with
an intensity modulation [Fig. 1(d)], which has a period
controlled by the ratio between lattice parameter ¢ and
bilayer distance (d) (§ =~ 5.1) [8]. Upon electron dop-
ing, the 3D LAF persists for x = 0.03 but becomes short
ranged for x = 0.05, as indicated by the broad peaks
along both H and L in Figs. 1(e) and 1(f). The L scan
for the metallic x = 0.05 sample deserves special atten-
tion. It reveals a broad feature superimposed on a flat
background, and is well fitted by a sum of the bilayer
antiferromagnetic structural factor cos?(222) [8] and a
constant background [Fig. 1(f)]. This broad feature in-
dicates that the magnetic correlation length along c-axis
has decreased to a very small value comparable with the
bilayer distance. This suggests that the c-axis magnetic
correlations supporting the G-type AFM are about to
disappear. The constant background can be attributed
to a vanishing of the 3D SAF in a partial volume of the
sample. This is in agreement with the percolative nature
of the IMT [32]. For z = 0.065, the L scan becomes fea-
tureless while the broader in-plane magnetic Bragg peak
remains and persists at 290K [Fig.1(e) and 1(f)]. This in-
dicates that further doping suppresses the magnetic cou-
plings that support the 3D SAF and drives the system
into a robust 2D SAF state.

To understand the doping-dependent electronic inter-
actions across the IMT and the transitions between 3D
LAF and 2D SAF, we have presented the magnetic exci-
tations and the spin-orbit excitons of (Sri_,La,)3IraO7
in Figs. 2 and 3. The in-plane momentum dependent
RIXS for x = 0,0.02 and 0.065 are shown as color maps
in Figs. 2(a)-(c). For z = 0, the dispersion, the large
magnon gap and the spectral-weight distribution are con-
sistent with a previous report measured at the same L
[29]. In addition, our results reveal clear dispersive spin-
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FIG. 2. (color online). (a)-(c) In-plane momentum dependence of RIXS spectra of (Sri_,Las)3Ir2O7 for x = 0, x = 0.02 and

0.065. (d)-(e) Comparison of the elementary excitations between

For z = 0, only magnetic excitations are shown. (f)-(g) Doping-dependent magnetic excitations at Q = (

1 1

z =0,0.02,0.05 and 0.065 collected at Q = (3, 1) and (3,0).
1.%) and (0, 0).
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The insets in (d)-(g) illustrate the reciprocal space where the green dashed square and the pink solid square are the tetragonal

Brillouin zone and the AFM Brillouin zone, respectively. The pink filled circles mark the vector positions for (d)-(g).

The

vertical red dashed lines mark the peak position of the magnons for z = 0. The blue and green arrows in (e) show the peak
positions of the spin-orbit excitons and AF, marks the energy difference of the peak positions.

orbit excitons exhibiting similar energy scale and disper-
sion to that in SroIrOy [7, 11, 12, 43, 44]. As increasing
x, the magnetic excitations are damped: they broaden in
energy and decrease in intensity. This damping has been
reported in other charge-carrier doped 2D correlated sys-
tems such as cuprates and iron pnictides [45-49]. The
spin-orbit excitons show weak doping dependence, indi-
cating that the magnetic excitations are fluctuations of
the robust Jog = % pseudospins [39].

The strong doping dependence of the magnetic exci-
tations are depicted in Figs. 2 and 3. The dispersions
are symmetric about (%, %) and change less from 2 = 0
to x = 0.03 [Fig. 3(a)]. Across the IMT to = = 0.05,
the dispersion becomes asymmetric and exhibits differ-
ent gap sizes at (1, 3) and (0,0). A substantial softening
occurs along (%é)—(%, 1) while the band top at (3,0)
remains unchanged [Figs. 2 and 3(b)]. This anisotropic
softening is followed by a further softening at (i i) and,
surprisingly, a sizable hardening at (%,O) in x = 0.065
[Figs. 2 and 3]. Furthermore, the large magnon gap
for x < 0.05 collapses dramatically in z = 0.065 [Figs.
2(f), 2(g) and 3(b)], where the magnetic excitations at

%) overlap with the elastic magnetic scattering [Fig.
2(f)], whereas a weak signal is observed at (0, 0) [Fig.
2(g)] [39]. A similar anisotropic softening between (7, 1)
and (%, 0) was observed in Sry_,La,IrO4 and attributed
to the interaction between magnetic moments and emer-
gent itinerant electrons having developed a Fermi surface

at (§,%) [22, 24]. The same explanation can be applied

)

here since La introduces itinerant electrons and Fermi
pockets have been well developed at (i, i) in metal-
lic (Srq_,Las)3lraO7 [33-35]. Therefore the anisotropic
softening is in line with that in Sro_,La,IrOy4, indicating

a similar role of the emergent itinerant electrons.

The hardening of the magnetic excitations at (1,0) and
the collapse of the magnon gap occur between = = 0.05
and 0.065 where the system evolves from 3D SAF to
2D SAF. Since the AFM along the c-axis is absent in
2D SAF, we expect that the interlayer couplings will
be greatly suppressed in z = 0.065. With the suppres-
sion of the interlayer couplings, (Sr;_,La,)3IroO7 could
be similar to the single-layer Sro_,La,IrO4 (z > 0.04),
in which the magnetic excitations are gapless and have
a larger band top at (3,0) [23]. Indeed, we find the
2D pseudospin—% (J-J2-J3) model used for SroIrOy4 de-
scribes the dispersion and gives similar fitting parame-
ters (J =44, Jy = —29, J3 = 14.4 meV) to Sro_,La,IrOy
(x > 0.04) [Fig. 3], indicating that the electron doping
drives the Sr3lroO7 into a 2D magnetic system exhibit-
ing strong antiferromagnetic pseudospin fluctuations [23].
The strong magnetic excitations in = 0.065 demon-
strate that metallic (Sr;_,La,)3IroO7 hosts strong elec-
tron correlations like its parent compound, and therefore
provide a solid evidence for a correlated metallic picture
[32].

To quantitatively understand the doping evolution of
the magnetic couplings, we have fitted the dispersions
using the bilayer model [Fig. 3] [29, 39], which consists
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FIG. 3. (color online). Doping-dependent magnon dispersions
for (Sr1—zLas)slr2O7. To show the data clearly, the disper-
sions are split into two panels (a) x = 0,0.02 and 0.03 and (b)
x = 0.05 and 0.065. The dispersions for z < 0.05 and the blue
solid squares of = 0.065 are obtained by selecting the peak
positions of the magnetic excitations. The blue open squares
of x = 0.065 are extracted from fitting of the magnetic exci-
tations [39]. The solid curves are fits to the dispersions for
z = 0.02, 0.05 and 0.065 using the bilayer model [29]. The
pink dashed curve is the fitting of the dispersion for 0.065
using the J-Jz-J3 model [23].

of nearest neighbor (Hy) and long range interactions (H1)

Hy = Z |:J”§; . gj + F”SijZ + ﬁij . (gz X gj)] (1)
(1,9)

H = Z J2§¢§j + Z Jggigj + Z J20§§j+z (2)
((4,9)) ({2,900 (4,5)

where I';; is the anisotropic coupling including the
bond-directional pseudodipolar interactions and D;; the
Dzyaloshinsky-Moriya interaction arising from the stag-
gered rotation of the IrOg octahedra [Fig. 1(a)]. Hp
contains the sum over both intralayer (J;; = J, I';; =T
and D;; = D) and interlayer couplings (J., I'c and D.).
The (i, 5), ((i,4)), and ({((3,7))) in H; represent in-plane
first, second and third nearest neighbors and J,, J3 and
Jac the long range exchange couplings [Fig. 1(b)]. The
c-axis couplings J. and Jo, and D, are responsible for
the bilayer splitting of the acoustic and optical branches,
and the magnon gap arises from the anisotropic couplings
I' and T'. [29]. Due to the presence of interlayer cou-
plings, our fittings for x < 0.05 have been restricted to

4

adjusting only J, Jy and J3 [23, 39]. For 2 = 0.065,
we fit all the parameters to account for the suppression
of the interlayer couplings and the magnetic anisotropy.
As shown in Fig. 3, our fitting successfully describes
the anisotropic softening and the collapse of the magnon
gap [39]. With increasing doping, the anisotropic soft-
ening is captured by the evolution of J and Jy [39], in-
dicative of strong interplay between the in-plane nearest
and next nearest couplings and the emergent itinerant
electrons. The bilayer splitting of the two branches dis-
appear in 2D SAF state since J., Jo. and D, vanish.
The collapse of the magnon gap corresponds to the sup-
pression of the anisotropic couplings (I" and T',.) includ-
ing the bond-directional pseudodipolar interactions [39].
With the suppression of the interlayer couplings and the
magnetic anisotropy, the bilayer model is similar to the
J —Jo— J3 model, as indicated by the fitting curves using
these two models [Fig. 3(b)].

Although the model describes the anisotropic soften-
ing and gap collapse, it fails to capture the asymmetry
of the dispersions for metallic x = 0.05 and 0.065 since
it is intrinsically symmetric about (3, %). As shown in
Fig. 3(b), the dispersion lies below the fitting on the left
of (1, 1) but above the fitting on the right side. We at-
tribute this to different damping rates between (%, %) and
(0,0) driven by certain interactions between the pseu-
dospins and the emergent itinerant electrons, which are
not taken into account by the bilayer model developed for
the insulating AFM Sr3IroO7 [5, 8, 29]. Therefore, under-
standing the microscopic mechanism for the interactions
requires further studies. Nonetheless, the effective fit-
ting partially reflects the doping effects on the magnetic
interactions and the dynamics of the pseudospins in the
context of the emergent itinerant electrons. We have also
tried to describe the dispersions using the quantum-dimer
model reported in ref. [30]. The results are presented in
the supplemental material [39].

We now turn to the electron-doping effects on the spin-
orbit excitons in (Sry_,La;)3lr2O7. Besides demonstrat-
ing the robustness of the Jog = % moments, the spin-orbit
excitons undergo a sudden decrease in energy (AE; ~ 70
meV) at momentum close to (3, 0) between = 0.05 and
0.065. Since the spin-orbit excitons are electronic tran-
sitions from j = % band to j = % upper Hubbard band,
this energy decrease suggests that these two bands are
modified across the 3D-to-2D SAF transition [39]. This
implies that the changes of magnetic order and magnetic
couplings could induce band renormalization in this sys-
tem [39].

In summary, our measurements on (Sr;_,La,)3lraO7
unveil an electron-doping evolution of the AFM from 3D
LAF to 3D SAF and subsequent 2D SAF deep in the
metallic state and illustrate a more detailed phase dia-
gram [31, 32]. We show subsequently that the magnons
undergo an anisotropic damping with increasing doping,
with the large magnon gap strongly suppressed in the



2D SAF metallic regime. This indicates that the emer-
gent itinerant electrons suppress the AFM by weakening
the magnetic couplings and drive the system into a 2D
SAF correlated metallic state hosting strong AFM fluc-
tuations of the Jog = % moments. Our results provide a
solid experimental basis that will guide future theoreti-
cal works on the physics of doping the SOC-induced Mott
insulators in the presence of strong interlayer couplings.
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Note added.— Asymmetric dispersion of the magnetic
excitations have recently also been observed by Hogan
et al. in (Sr;_yLa,)3Ir2O7 [50], where the dispersion for
x = 0.07 is much akin to our results on = 0.05.
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