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Momentum-resolved lattice dynamics of parent and electron-doped SryIrOy4
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The mixing of orbital and spin character in the wavefunctions of the 5d iridates has led to pre-
dictions of strong couplings between their lattice, electronic and magnetic excitations. As well as
realising a novel spin-orbit assisted Mott insulating ground state, the perovskite iridate SraIrO4 has
been shown to have strong similarities with the cuprate LasCuO4, which on doping hosts many
broken symmetry phases such as charge density waves that appear to be intimately linked to high-
temperature superconductivity. These phenomena can be sensitively probed through momentum-
resolved measurements of the lattice dynamics, made possible by meV-resolution inelastic x-ray
scattering. Here we report the first such measurements for parent and electron-doped SralrQOy,
which we interpret with the help of density functional theory calculations and contrast with the

phonon behaviour of the underdoped cuprates.
I. INTRODUCTION

The delicate balance of spin-orbit coupling (SOC),
crystal fields and electron correlations (U) in the 5d iri-
dates makes them a fruitful class of materials in the
search for novel electronic and magnetic phases'™*. Most
prominently, the layered perovskite SrolrO4 has been
shown to be a spin-orbit Mott insulator where the orbital
degeneracy of the Ir** 5, levels is lifted by SOC, enabling
a moderate U ~ 2eV to open a charge gap®%. Moreover,
it has striking structural, electronic and magnetic simi-
larities to the parent of the cuprate high-temperature su-
perconductors La;CuO47 '°. Doping the bulk of SroIrOy
with electrons leads to the suppression of long-range an-
tiferromagnetic order'!, while surface-doping has been
shown to produce Fermi arcs'? and a low-temperature
gap with d-wave symmetry'3.

One difference from the cuprates is the orbital char-
acter of the jer = 1/2 wavefunction, which results in
the couplings between the pseudospins being highly sen-
sitive to lattice geometry'. Recent theoretical'* and
experimental'® work has shown that this coupling is cru-
cial to understanding the magnetic structure and in-plane
magnon gap of SrolrOy. Lattice distortions can result in
significant admixture of the jeg = 3/2 wavefunction into
the jeg = 1/2 ground state, which has led to expecta-
tions of strong interactions between lattice, orbital, and
magnetic excitations in the layered iridates. For exam-
ple, Gretarsson et al.'® conducted Raman measurements
on SrplrQy, finding Fano asymmetry in the A;, phonon

mode above Ty ~ 240K, that is indicative of coupling
between the lattice and a continuum of pseudospin fluc-
tuations due to unquenched orbital dynamics.

A notable feature of the underdoped cuprates is the
appearance of charge density wave (CDW) order above
a critical doping, which appears to be connected to the
superconductivity in these compounds'”®. CDW order
has long been proposed to be an intrinsic instability of
doped Mott insulators'®2°, but despite reports of spin
density wave order?! in doped SrlrO4 and a dynamic
CDW-like instability in its bilayer cousin Sr3IroOQ72%23,
as yet there has been no evidence for a CDW in doped
SrolrO4. The presence of CDW order can be inferred,
inter alia, from the softening of phonon modes around
the CDW wavevector?* 26,

There is therefore a clear interest in momentum-
resolved measurements of the phonons in the iridates.
Non-resonant inelastic x-ray scattering (IXS) is a suit-
able probe to accomplish this, offering ~1meV energy
resolution and ~0.01 r.l.u. momentum resolution across
a large volume of reciprocal space?”. We have performed
extensive IXS measurements on parent and La-doped
SrolrOy4, comparing the results with density functional
theory (DFT) calculations. In the parent compound, we
find that our IXS spectra are reasonably reproduced by
a non-magnetic DFT calculation, with no broadening or
frequency shifts apparent through 7. We observe min-
imal changes to the phonons on doping, with the disper-
sions again well-reproduced by DFT, and no anomalies
apparent at the equivalent cuprate CDW wavevector.



a) 90 T T ' b) Parent (4 + h,5+ k,1)
Doped (b, k, 26 + 1)
80 - % Cuprate CDW
Sry.92Lag 0sIrO4 SDW
70 ] 1 1
0.01
60 1 o =0
o 94 0.5
> 0.5 | Jo 001 ]
% < | o 001 0 001
g > o h
= o_x 0
& °o°
540 1
= < 0 -
84| -0.5
30 7 x
ol il ] 05 i B
10 y -1.5
DOS -1 ‘ ‘ ‘
0 . A . -1 -0.5 0 0.5 1
T M X P N h

FIG. 1. a) Phonon band structure (black lines) and projected phonon DOS for Ir (red), Sr (green) and O (blue), calculated
in the LDA approximation on a 2 x 2 x 1 supercell. The high-symmetry points of the I4;/acd space group are defined as
r =(0,0,0), M = (0.5,0,0), X = (0.5,0.5,0), and P = (0.5,0.5,0.5). b) Brillouin zone map (structural and magnetic zones
are equivalent in the I4:/acd notation) showing the measured Q points for the parent compound relative to (4,5,0) as empty
circles, and for the doped compound relative to (0, 0,26) as filled circles. The points have been projected onto the h — k plane,
with [ values indicated by colour. The red crosses show the equivalent in-plane wavevector of the cuprate CDW?% and orange
crosses those of the purported SDW in doped Sr2IrO4?" (shown magnified in the inset). The black lines indicate the reciprocal
space directions for which data is shown in this manuscript, with spectra at the other Q points contained in the supplemental

material.

II. METHODS

Single crystals of both parent (x = 0) and 5%
doped (z = 0.05) (SrixLay)2IrO4 were flux grown
using standard methods and characterised by energy-
dispersive x-ray spectroscopy, resistivity and susceptibil-
ity measurements®®. The crystalline quality of the sam-
ples was checked during the IXS measurements, with
mosaics of around 0.02° for the parent compound and
0.05° for the doped. Throughout this manuscript, the Q
vectors are referenced to the I4;/acd space group with
a=b=550A and ¢ = 25.79 A.

DFT calculations were performed using the plane-wave
basis projector augmented wave (PAW) method?® as
implemented in the Vienna ab-initio Simulation Pack-
age (vAasp)3Y. The exchange-correlation functional was
treated in the Local Density Approximation (LDA)3!
with unit cell relaxations carried out over an 8 x 8 x 2
reciprocal lattice mesh. The force constants were calcu-
lated over a 4 x 4 x 2 mesh using a 2 x 2 x 1 supercell. The
phonon frequencies and eigenvectors were then obtained
using the PHONOPY package®? with an 11 x 11 x 11 mesh
for the Debye-Waller factor, and these were used to cal-
culate the dynamic structure factor S(Q,w) (see supple-
mental material). The resulting phonon band structure
and projected density of states (DOS) is shown in Fig. 1a.
As expected, the modes involving motion of mostly the

heavier Sr and Ir atoms lie at lower energies, while the
modes involving lighter O atoms dominate above 30 meV.

Calculations were also performed including the ef-
fects of SOC+U with the full non-collinear magnetic
structure®?, but the computational complexity of this
meant that the supercell size had to be reduced to the
point where agreement between the calculated dynamic
structure factor and IXS spectra became unsatisfactory
(see the appendix for further discussion).

High-resolution IXS measurements of the phonon dis-
persions were performed at beamline BL43LXU of the
SPring-8 synchrotron in Japan®*. The incident energy
was set to 21.75keV and the (11,11, 11) reflection of Si
was used as both a monochromator and analyser, giving
an energy resolution of around 1.5meV (depending on
analyser). A 4 x 6 analyser array allowed the simultane-
ous measurement of many momentum transfers, so that
a large area of the Brillouin zone, shown in Fig. 1b, could
be surveyed despite the long counting times necessitated
by the high energy and momentum resolutions.

The parent compound was measured in transmission
with the [1,1,0] and [0,0, 1] reciprocal directions in the
scattering plane, allowing access to purely in-plane mo-
mentum transfers in order to maximise the intensity of
modes that involve modulation of the Ir-O-Ir superex-
change bond. The vertical columns of the analyser array
traced out adjacent trajectories along [1,1,0] out from



the (5,4,0) magnetic Bragg peak position (open circles
in Fig. 1b). As well as avoiding points near the struc-
tural Bragg peaks (4,4,0) and (4,6,0) at which the IXS
spectra would be dominated by strong elastic contribu-
tions (which does not occur at the magnetic Bragg peak
as we are off resonance), this is also the direction along
which the dynamic CDW is expected in SrsIroO;23. The
atomic displacements of modes with significant IXS in-
tensity were calculated using DFT for a range of other Q
points in the a — b plane, but no modes could be found
with significantly larger modulation of the Ir-O-Ir bond
that we would expect to be more strongly influenced
by magnetism. The black lines in Fig. 1b indicate the
points with equal [ for which spectra are shown in this
manuscript. Spectra for the other points are contained
in the supplemental material.

In the cuprates it was found that the CDW couples
most strongly to modes with large c-axis displacements?®,
which are enhanced by having a large out-of-plane mo-
mentum transfer. For the doped iridate sample we there-
fore used a reflection geometry with the [1,0,0] and
[0,0,1] directions in the scattering plane, so that we
could measure Q points in the (0,0,26) Brillouin zone
(filled circles in Fig. 1b). A vertical column of the anal-
yser array then followed the [0, 1, 0] direction (black line)
through the equivalent cuprate CDW in-plane wavevec-
tor (—0.25,—0.25) (filled red circles).

A consequence of the analyser geometry is that the c-
axis momentum transfer, [, varies horizontally across the
array as indicated by the colour of the points in Fig. 1b.
The layered nature of SralrO4, however, means that the
electronic®® and magnetic’ behaviour of interest is only
weakly [-dependent. We therefore set the analyser slits
to 40x80 mm to improve the in-plane momentum reso-
lutions while relaxing the out-of-plane resolution. The
momentum resolutions are reported below for each set of
measurements.

Other Q points where one might expect the presence
of phonon anomalies is at the intersections of the phonon
and magnon dispersions. Unfortunately, the high spin-
wave velocity and slight gap!'! places it at energies above
those of the phonon modes with significant IXS intensity
measured in this work.

III. RESULTS
A. Parent compound

Figure 2 shows a series of representative IXS spectra
along the [1,1,0] direction out from the magnetic Bragg
peak position (4, 5,0) in the parent compound at 100 K.
The average momentum resolutions along each direction
are 6Q = (0.06,0.07,0.13) r.l.u. The IXS spectra (black
points) are overlaid with S(Q,w) calculated with DFT
in the LDA on a 2 x 2 x 1 supercell (red lines). At all
momenta, the calculation reproduces the relative inten-
sities of the modes reasonably well, with the consistent
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FIG. 2. Representative IXS spectra at momenta along [1, 1, 0]
out from the magnetic Bragg peak position at (4,5,0) in
the parent compound at 100K (black points) compared to
S(Q,w) calculated with DFT in the LDA on 2 x 2 X 1 super-
cell (solid red lines) and LDA+SOC+U on a 1x1x 1 supercell
at the zone center (blue dashed line). While the LDA calcula-
tion matches the measured intensities well across the Brillouin
zone, it underestimates the mode energies towards the zone
center. The spectra are offset vertically for clarity.
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FIG. 3. Bose-factor corrected IXS spectra in the parent com-
pound (points) and x”(Q, w) calculated with DFT in the LDA
on 2 x 2 x 1 supercell (solid lines) at 100K (orange) and
260K (purple) for momentum transfers of a) (4,5,0) and b)
(3.60,5.37,—0.04). There is no apparent softening or changes
in linewidth for any of the modes.

underestimate of the mode frequencies improving further
out into the Brillouin zone.

The calculation allows us to identify the atomic motion
associated with each prominent peak of the IXS spec-
tra. As expected from the in-plane momentum transfer,
the modes mostly involve atomic motions in the a — b
plane. At the zone center, the prominent mode with an
LDA energy of 10.5meV has large displacements of the
Sr atoms with smaller Ir and O motion, while the mode
at 24.7 meV has dominant in-plane O motion along with
smaller out-of-plane Sr oscillations. Towards the zone
boundary, the mode around 19 meV has roughly equal
in-plane displacements of all atoms. Animations of these
modes can be found in the supplemental material.

While there is unlikely to be any detectable influence
from magnetism on the low-energy mode with dominant
Sr motion, the higher energy zone-center mode involves
significant changes to the angle of the Ir-O-Ir bond that
is responsible for magnetic superexchange. There are
no apparent discrepancies between the experimental data
and calculated spectrum for the high energy mode that
are not also present for the low energy mode, however.

We performed DFT calculations including SOC+U
with the full magnetic structure of SrolrOy4. At the zone
center, where supercell size should make a minimal differ-
ence (see the appendix for further discussion), this simply
causes a ~0.5meV increase in the predicted energies of
both modes with very little change to the intensities (blue
dashed line in Fig. 2).

We repeated these measurements at 260K, above
Ty ~ 240K, in order to search for any changes caused
by long-range magnetic ordering. To reliably compare

spectra at different temperatures, the imaginary part of
the dynamic susceptibility was calculated by subtracting
the elastic line and dividing through by the Bose factor?®

Q) = S(Quuw) (1— e/} (1)

Figure 3 shows x” at 100K and 260K for two differ-
ent representative momentum transfers. The intensity of
the modes in the 260 K spectra are lower than those at
100K due to the reduced Debye-Waller factor, as can
be seen through comparison with x”(Q,w) calculated
with DFT. The observed hardening of the phonon modes
of ~0.5meV can be attributed to reduced anharmonic
phonon-phonon interactions upon cooling. There is no
clear evidence for changes in the linewidth through Ty,
as seen in Raman measurements by Gretarsson et al.'®
which would be indicative of coupling to spin fluctua-
tions. Although the asymmetric broadening of the A,
mode at 23meV reported by Gretarsson et al.'® is of
a magnitude comparable to our energy resolution, and
would therefore be visible in our data, it should be noted
that this particular mode has vanishing IXS intensity at
the Q points measured here.

The spectra and temperature comparisons for the
other momentum transfers shown in Fig. 1c can be found
in the supplemental material. The same conclusions dis-
cussed above can be made for all of these data sets.

B. Doped compound

In the cuprates, a signature of the presence of CDW
order is the softening and linewidth changes of phonon
peaks in IXS spectra at the CDW wavevector. IXS mea-
surements on (La;_yBay)2CuOy4 with z = 0.048 — 0.063
revealed that precursor CDW fluctuations are respon-
sible for a broadening and softening of the phonon
modes?%26:36741 - On the onset of CDW ordering the soft-
ening is still present while there is a sharp reduction in
the phonon linewidths.

To investigate whether CDW order is present in
electron-doped SryIrOy4 in analogy with the hole-doped
cuprates, we performed IXS measurements on 5% La-
doped SrpIrOy along the [0,1,0] direction through
(—0.25,—0.25, 25) with average momentum resolutions of
(0.04,0.04,0.36) r.l.u. In order to extract the phonon dis-
persions, the IXS spectra were fitted to a sum of damped
harmonic oscillator lineshapes x/ weighted by the Bose
factor and convoluted with a Voigt resolution function R

s@Qu) =Y o

1= ottty * BW) (2)
plus an additional Voigt function for the quasi-elastic
peak (see supplemental material for a representative fit).
The fitted dispersions at 250K and 9K are shown in
Fig. 4 as white and red circles respectively, overlaid on a
colourmap of S(Q,w) from the same LDA calculation on
a 2 x 2 x 2 supercell as above.
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FIG. 4. Phonon dispersions at 250 K (white circles) and 9K
(red circles) extracted from fits to the IXS spectra of the
doped compound. These are overlaid on a colourmap of the
dynamic structure factor calculated with DFT in the LDA on
2 x 2 x 1 supercell. Vertical error bars represent the statis-
tical errors from fitting. The dispersions are identical within
error at the two temperatures, with no apparent softening,
and agree well with the calculation.

This non-magnetic DFT calculation actually provides
a better description of the metallic ground state of the
doped sample, in which long-range magnetic order is de-
stroyed by the free carriers'!, and so as expected there
is good agreement between the fitted and calculated dis-
persions. As for the parent compound, the calculations
allow us to identify the atomic motions associated with
each mode, which at these wavevectors involve significant
out-of-plane displacements for all three elements.

Crucially, the fitted dispersions are identical (within
one standard deviation) at both temperatures, with no
anomalies present at the equivalent in-plane wavevector
(—0.25,—0.25) to the cuprate CDW. Anomalies are also
not apparent at any other Q points measured in this
work (see supplemental material). It should be noted,
however, that this does not preclude the presence of a
CDW for other doping levels (the purported spin density
wave only occurs over a very narrow doping range®!), at
wavevectors away from those measured here, or one that
couples to a phonon modes with low IXS intensity.

A further signature of CDW order in the cuprates is
visible in the intensity of the quasi-elastic peak centred
at zero energy in the IXS spectra. Le Tacon et al.*? saw
a contribution to the integrated intensity of this peak
in the underdoped cuprate YBayCu3Og.g over a narrow
momentum range around the CDW wavevector and over
a broad temperature range around the CDW transition
temperature. At both 9 K and 250 K, however, the fitted
integrated intensity of the quasi-elastic peak in our IXS
spectra varies smoothly with Q.

IV. CONCLUSIONS

We have conducted momentum-resolved measure-
ments of the phonons in parent and electron-doped
SroIrQy4, surveying large areas of reciprocal space care-
fully chosen to maximise any influence from magnetic or
CDW order. In both compounds, our IXS spectra are
reasonably well reproduced by a non-magnetic DFT cal-
culation in the LDA, despite the destruction of the spin-
orbit assisted Mott insulating electronic and long-range
ordered antiferromagnetic ground state in the latter. In
the parent compound, there are no apparent changes in
mode frequencies or linewidths on passing through the
Néel temperature, with our data placing an upper limit
on the broadening due to pseudospin-lattice coupling at
around 0.3meV. In the doped compound, the dispersion
of the phonon modes along [0, 1, 0] is identical within our
resolution at both 9K and 250 K, again with no soften-
ing or linewidth changes apparent nor any peaks in the
quasi-elastic intensity.
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Appendix: Density Functional Theory Calculations

The DFT calculation in the LDA discussed above did
not take into account the effects SOC, U or the magnetic
structure, and therefore does not predict an electronic
structure in agreement with the known spin-orbit as-
sisted Mott insulating state of parent SrolrOy4 (the metal-
lic ground state that it predicts is in fact a better descrip-
tion of the doped compound). We repeated this calcu-
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FIG. 5. Phonon band structures (black lines) and projected phonon DOS for Ir (red), Sr (green) and O (blue), calculated
a) in the LDA approximation on a 2 x 2 X 1 supercell, b) in the LDA approximation on a 1 x 1 x 1 supercell, and c¢) with
LDA+SOC+U on a 1 x 1 x 1 supercell. The addition of SOC+U results in small changes in the phonon dispersions, most
prominently in the O modes above 30 meV, while the increasing the cell size leads to far more significant changes.
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FIG. 6. Comparison of IXS spectra (black points) to S(Q,w)
calculated with LDA on a 2 x 2 x 1 supercell (red), LDA on a
1 x 1 x 1 supercell (green), and LDA+SOC+Uonalx1x1
supercell (blue) at momentum transfers of a) (4,5,0) and b)
(3.60,5.37,—0.04). At the zone center the calculations differ
by only a small shift in the mode energies, while further out in
the Brillouin zone the 1 x 1 x 1 supercell calculations predict
intense modes that are not present in the experimental data.

lation including SOC+U, using U = 3.05eV and J =
0.48 eV to reproduce the measured charge gap**, and the
non-collinear antiferromagnetic structure given by Ye et

al.33. Due to the additional memory requirements of this,
however, the supercell had to be reduced to 1 x 1 x 1.

Figure 5 shows the phonon band structures and pro-
jected DOS for these two calculations, as well as for an
LDA calculation on a 1 x 1 x 1 supercell for compar-
ison. Comparing the calculations on the minimal unit
cell in Fig. 5b and c, it can be seen that the addition
of SOC+U mostly affects the O modes above 30meV,
whose IXS intensities were too low to be measured in
this work. Comparing these to the LDA calculation on
the larger supercell in Fig. 5a, by contrast, shows more
significant changes across all of the modes.

We also calculated the dynamic structure factor for
these three different cases in order to compare with our
IXS measurements. Figure 6 shows this comparison at
two representative momentum transfers. At the zone cen-
tre the supercell size should be of minimal importance,
and Fig. 6a shows that the calculations differ by only a
small shift in the mode energies (~0.5meV) and inten-
sities. Further out into the Brillouin zone, however, the
supercell size becomes critical, with the calculations on
the minimal supercell showing prominent modes that are
not present in the IXS spectra (Fig. 6b).

These comparisons highlight the inadequacy of the
minimal supercell in simulating the lattice dynamics of
SrolrOy4. In 5d oxides with large unit cells such as these,
therefore, where LDA+SOC+U calculations involving
non-collinear magnetic structures are prohibitively com-
putationally demanding for larger supercells, a DFT per-
turbation approach may be more suitable.
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I. DYNAMIC STRUCTURE FACTOR CALCULATIONS

The intensity measured in non-resonant inelastic x-ray scattering (IXS) at total momen-
tum transfer Q and energy loss w is directly proportional to the dynamic structure factor
S(Q,w), with the constant of proportionality depending on the momenta and polarisation
of the incoming/outgoing photons'. Away from Bragg reflections, S(Q,w) is dominated by

the one-phonon term, which in the Born approximation reads
12
w) =D 1F(Qa,5)[" {ng; +1)3(w — wy))3(Q — @) (81)

where q sums over the reduced momenta in the first Brillouin zone, and j sums over the 3n
modes at q (n being the number of atoms in the primitive unit cell) with frequencies w,;

and Bose factors (ng; + 1) = (1 — e“*’qi/(’“bT))_l. F' is given by

—Wd(Q) —1Qri(y . o . S92
Q qa Z 2mdwqj € Q erd ( )

where d sums over the n atoms in the primitive unit cell with masses my located at rg,
e~ Wa(Q) ig the Debye-Waller factor, €,ja the complex phonon polarisation, and f;(Q) the
x-ray form factor?.

Equation S1 was evaluated using the PHONOPY package®. In order to be directly com-
pared with our IXS data, however, a finite linewidth ~,; (due mostly to instrument resolu-
tion) must be introduced by replacing the frequency delta function with a damped harmonic

oscillator lineshape

Awwg;jVgs

: .
e ]

0(w — wgj) = Xj(qw) = (S3)

We use 7, = v = 0.8meV for all modes at all momenta.



II. COMPARISON WITH RAMAN MEASUREMENTS

Here we compare our LDA calculation on the 2 x 2 x 1 supercell with previously published
Raman and infra-red (IR) spectroscopy studies. The primitive unit cell of SrolrO,4 contains
28 atoms, giving 84 phonon modes. A symmetry analysis of the 14, /acd space group with
Ir atoms at Wyckoff site 8a, Sr at 16d and O at 16d (apical) and 16f (basal) shows that the
Raman active modes have irreducible representations 34, 4+ 5B, 4+ 483, 4+ 13E, and the IR
modes have irreducible representations 5A4y, +13F,,, leaving 4A;,+4As;+4B1,+3Bs,. Table

S1 shows that our calculated mode energies compare well to the Raman and IR studies.

LDA 2x2x2 Ref. 4 Ref. 5 (Raman) Ref. 6 (IR)
Band Assignment Calculated |Calculated | Calculated Observed |Calculated Observed

1,2 E, Acoustic | Acoustic - - - -
3 Agy, Acoustic | Acoustic - - - -
4,5 by, 42 Imaginary - - 30 -
6, 7 E, 56 Imaginary - - - .
8,9 E, 66 53 - - - .

10, 11 E, 80 84 - - 81 103
12,13 E, 93 91 - - ; ]

14, 15 E, 103 101 - - 92 115
16, 17 E, 109 108 - - - ,
18 By 123 114 110 - - -
19, 20 E, 133 132 - - - -

21, 22 E, 135 120 - - 122 138
23 By 137 134 135 - - -
24 A1y 137 - - - - -
25 Ay 142 - - - - ,
26 By, 142 - - - - ;
27 By, 157 - - - - .
28 By, 179 167 168 - - ,
29 Aty 185 - - - - ;
30 Bsy, 185 173 - - - .




31
32, 33
34, 35
36, 37

38
39, 40
41, 42
43, 44
45, 46
47, 48

49
50, 51

52
53, 54
55, 56
57, 58

59

60

61

62

63

64
65, 66
67, 68

69

70

71

72

73

74

A2u

186
189
194
197
198
213
216
224
258
276
315
315
316
319
334
340
380
381
390
409
419
419
439
439
479
491
491
503
512
512

172
174
186
194
181
203
204
205
257
266

291
260
293
314
314

340
359

371
381
380
502
513

171

188

191

188

172
178

186

212

251

298

323

406

443

192

214

270

283

324

367

515



75
76
77, 78
79, 80
81
82
83
84

Ay 559 588 532 562 -
B, 576 596 546 - -
E, 669 751 - - 645
E, 670 751 - - -
By 694 808 660 693 -
A, 694 808 - - 660
B 709 - - - -
Agg 709 - - - -

TABLE S1: Comparison of the modes calculated with LDA

on a 2 x 2 x 1 supercell to those from previously published

Raman and IR studies on SrolrO4. All frequencies are in
-1

cm™". The imaginary frequencies in Ref. 4 arise from their

use of the unrelaxed experimental crystal structure.



III. SUPPLEMENTAL DATA FOR THE PARENT AND DOPED COMPOUNDS

Here we present IXS spectra and LDA calculations on the 2 x 2 x 1 supercell for the Q
points indicated in Fig. ?? but not shown in the main text. The conclusions drawn in the
main text (namely the good agreement between the experimental spectra and non-magnetic
DFT calculations, and the lack of any visible anomalous frequency or linewidth changes

through Ty) apply equally well to these data.
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FIG. S5. Detail of the fits (black line) of the doped spectra (black points). As described in the

main text, the elastic peak is fitted with a pseudo-Voigt resolution function (red), while each of the

phonon modes is fitted with a damped harmonic oscillator lineshape weighted by the Bose factor

and convoluted with the resolution function (green, blue, yellow, magenta and cyan respectively

for each mode).
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