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The counter-rotating spin structure of S—Li2IrO3 [1] suggests the coexistence of Heisenberg (J), Kitaev
(K), and off-diagonal (I') exchange interactions [2, 3], making it a model system to investigate magnetism in
the presence of spin-orbital coupling. In this work, we present a thorough experimental study of 5—Li2IrO3
to determine the exchange parameters J, K, and I' in the spin Hamiltonian. While K = —24(3) meV and
I' = —9.3(1) meV were extracted from inelastic magnetic neutron scattering, the Heisenberg term J was
determined by time-domain THz spectroscopy (TDTS) and heat capacity measurements to be J = 0.40(2)
meV. We present a full calculation of the spin wave excitation spectrum based on the experimentally extracted

parameters.

I. Introduction

In contrast to 3d transition metal oxides with half filled or-
bital levels, where spins interact mainly through the isotropic
Heisenberg interactions, strong spin-orbit coupling (SOC) in
heavier 4d and 5d systems introduces anisotropic exchange
interactions that may give rise to exotic forms of magnetism
[4, 5]. One prominent example is the bond-dependent Ising
interaction between S = 1/2 spins on a honeycomb lat-
tice, which forms an exactly solvable quantum spin liquid
known as the Kitaev spin liquid (KSL) [6]. A honeycomb lat-
tice of spin-orbital J.g = 1/2 degrees of freedom, formed
by Ir** and Ru®t coordinated by edge-sharing octahedra
was shown to have the potential to realize this important
model [7]. Experimental exploration of such materials has
revealed spin-liquid-like features in antiferromagnetically or-
dered a—RuCls [8-10] while H3LilryOg4 - albeit with inter-
layer disorder - is a candidate without conventional magnetic
order [11-13]. The “smoking gun” features of a KSL state
however, remain elusive and the search for more ideal com-
pounds to realize the KSL continues.

As part of this effort there is a need for a better under-
standing of factors that influence the strength of Kitaev in-
teractions in insulating magnetic materials. Here experi-
ments in magnetically ordered systems where magnetic inter-
actions can be accurately determined by measuring and an-
alyzing spin wave excitations can provide an important ex-
perimental reference point. Magnetic ordering has been ob-
served in most KSL candidates, inter-layer interactions and
non-Kitaev interactions. One family of such materials has
the chemical formula LisIrO3. Ir*t in the a—LisIrO3 form
2D honeycomb lattices, 3-LizIrO3 forms a 3D hyperhoney-
comb lattice [1, 14, 15], while -LioIrO3 forms a stripy-
hyperhoneycomb lattice [2, 16]. All share similar coordina-
tion and connectivity for the Jog = 1/2 Ir** ions. Of these
compounds, 3-Li2IrO3 develops long range magnetic order
at Ty = 38 K [2, 14], where spins counter rotate with an

incommensurate propagation wave vector Q = (0.57,0,0)
indexed in the orthorhombic reciprocal lattice [17-19]. The
application of a magnetic field along the b—axis can suppress
this order with a critical field of puoH* = 2.8 T [19]. The
minimal spin Hamiltonian for the LisIrO3 compounds has
been suggested to contain Kitaev (K'), Heisenberg (J), and
off-diagonal anisotropic (I') exchange terms [20-25]. In this
J-K-T' model, the zero-field spin structure for 5-LisIrOg is
stabilized in the regime where |J| < K/3, K<0, and T’ <0
[3]. Furthermore, it has been found that H* depends only on
J, and that uoH* = 2.8 T corresponds to a small value of
J ~ 0.35 meV. This indicates close proximity of 5-LizIrOg
to the Kitaev model. The field-induced state for H > H*
has been suggested to be a “quantum correlated paramagnet”
instead of a fully polarized state [26, 27], with similarities to
a—RuCl; [10, 28].

Refinement of the spin Hamlitonian for 5—Li3IrOg3 is thus
desired as we look to realize the KSL. Previous NMR and
magnetization studies on single crystalline 5-LizIrO3 have re-
vealed a strong magnetic anisotropy. Comparison of the sus-
ceptibility data to a high-temperature expansion yields I' =
—15(11) meV and 3J+ K = 11(4) meV (See Table I). In this
work, we report the results of an inelastic neutron scattering
study of a powder sample of S—Li3IrO3. The best fit of the
powder spectra to linear spin wave theory yields K = —24(3)
meV and I' = —9.3(1) meV. The Heisenberg term .J, which
controls the gap at the magnetic Brillouin zone center, is fur-
ther refined to J = 0.40(2) meV based on time-domain THz
spectroscopy and heat capacity measurements. This set of ex-
change parameters places 5—Li2IrOj3 in close proximity to a
KSL in the theoretical J-K-I" model [25, 29].



II. Experimental methods
A. Materials synthesis

The S—Li3IrO3 powder investigated in this work was syn-
thesized using a solid-state reaction of LioCOg, IrO2 and LiCl
as described in Ref. [1]. The reagents were 99% enriched “Li
and '93Ir to reduce the neutron absorption cross section and
the incoherent scattering cross section.

B. Neutron scattering

Inelastic neutron scattering (INS) directly measures the
dynamic spin structure factor in momentum-energy space.
Specifically, the normalized scattering intensity is given by

Z(Qw) = 7“3§<F(Q)|26‘2W(Q)
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Here v = 5.3906 fm, g is the gyromagnetic ratio for the
magnetic ion, F'(Q) is the magnetic form factor, 2IW(Q) =
{(Q-u)?) is the Debye-Waller factor associated with dis-
placements, u of the magnetic ion. The dynamic correlation
function S (Q,w) is given by
1 Z
S (Quw)=5— dte S (-Q,0)S (Q.t)) (2)
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where ~Q is momentum transfer and ~w is energy transfer.
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is the Fourier transform of the spin operator at time ¢, with N
being the total number of spins and r denoting the physical
positions of the spins, with superscripts « and /3 labelling the
orthorhombic axes a, b, and c.

For a powder sample with an isotropic grain orientation
distribution, neutron scattering probes a spherical average of
7(Q,w) in momentum space:

z
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This is the physical quantity presented in Figures 1-2. Prob-
ing magnetic excitations in a powder sample of §-LisIrOg
by INS presents three significant challenges. Stable isotopes
of iridium all have significant neutron absorption. To mini-
mize absorption we utilized the least absorbing ?3Ir isotope
where 04 = 111(5) barn for 25 meV neutrons. Secondly, for
a powder sample, scattering at the important high symmetry
T" point is accessible, but only near ) = 0 in the first Bril-
louin zone. The highest energy transfer that can be accessed
for a given wave vector transfer @ is ~wmax = 7~ where
v = (~/2m)(ki + k) is the average neutron velocity. (Fig.
1 and Appendix B 4). Thirdly, the magnetic form factor for

Ir** decreases sharply for increasing momentum transfer @,
leading to a reduction in the magnetic scattering cross section
by 50% for Q=1.7 A~" and a 90% reduction for Q=3.0 A~

The neutron scattering experiment was conducted on the
SEQUOIA spectrometer [30] at the ORNL spallation neutron
source. The powder was loaded under 1 atm “He at room
temperature in an annular aluminum can with an outer diam-
eter of 20 mm and annulus thickness 0.5 mm. The height of
the corresponding annular powder sample was 34 mm. The
total mass was 3.8 g and the packing density was 3.6 g/cm?
which is 50% of the nominal density. The can was attached to
the cold finger of a low-background closed cycle refrigeration
cryostat.

Data were acquired with fixed incident energy F; = 18
meV, 30 meV, and 60 meV for each of the temperatures T' =
4.0(1) K, 45.0(1) K, and 200.0(1) K. In addition, E;=120
meV data were taken at T = 4.0(1) K and 300.0(1) K. For
E;=18 meV and 30 meV we used the fine chopper configura-
tion, while for F;=60 meV and 120 meV the high flux chopper
was used. Energy and momentum transfer dependent absorp-
tion corrections determined by a Monte-Carlo method were
applied to the data. [31]. The one-phonon scattering was es-
timated from high temperature measurements where it dom-
inates and then subtracted from the lower temperature data.
Elastic incoherent scattering from a vanadium standard sam-
ple was used to normalize count rates to absolute units in ac-
cordance with Eq. 1. To cover a broad range of momentum-
energy space with the right compromise between resolution
and count rate, we combined data acquired for the four dif-
ferent incident energies. See Appendix B for further details
about the neutron scattering data analysis.

Additional measurements were acquired with fixed incident
energy E; =22 meV in the high flux configuration to exam-
ine the temperature dependence of the magnetic Bragg Peaks
along with the inelastic spectrum. These data were corrected
for absorption, normalized to vanadium, and binned in 2.5 K
temperature steps.

C. THz spectroscopy

Time-domain THz spectroscopy was performed using a
custom-built system with frequency range 0.2-2THz [32] at
zero magnetic field. The measurement was performed on a
dry pressed powder pellet of 3—LisIrO3 with diameter 5 mm,
thickness 0.6 mm and mass 5.0(1) mg. Transmission spectra
were collected at temperatures from 7" = 3 K to 40 K. The
T = 50 K spectrum was used as an approximately nonmag-
netic reference.

The energy dependent complex THz transmission through
a slab of material with thickness d, complex permitivity €, and
permeability p can be written as

- dng wd

T(w) = 0t ne)? exp (Z?(ns —1)). &)
Here, ns is the complex index of refraction of the material. We
solve for ng numerically for both the low temperature ordered



state and the nonmagnetic reference temperatuﬁ The index
of refraction at temperature 7' is given by nt = = ¢(1+ xm),
where € is the generalized permitivity containing and xm is
the magnetic susceptibility. For a sample that has a magnetic
response below a reference temperature Tyef and no mag-
netic response above Tyef, we derive an expression for mag-
netic susceptibility by taking the ratio of the refractive indices
above and below the transition temperature.

| o
=TT, ©)
nTref
from which we obtain
n
M (w) = (——)? =1 (7)
nTref

See Ref. [32, 33] for full details of the derivation and use of
this technique.

D. Heat capacity

Heat capacity measurements were performed in a Quan-
tum Design physical properties measurement system (PPMS).
To enhance thermal conduction, we used a pellet pressed
with equal parts silver and 3-LizIrOs by mass. Measure-
ments were taken at zero field for T = [2,300] K and at
uoH = 14 T for T = [2,100] K. The silver contribution
to the specific heat was subtracted based on tabulated values
in Refs. [34-36]. Zero-field heat capacity measurements for
T = [0.1, 3.5] K were performed using the PPMS dilution re-
frigerator option. This measurement was done on a 1.50(1)
mg piece of a pressed pellet of pure 3-LioIrO3 with no silver.

III. Experimental Results
A. Magnetic neutron scattering

Fig. 1(a,b) show color images of the inelastic magnetic
neutron scattering from a powder sample of 3-LioIrO3 above
(45 K) and below (4 K) the magnetic ordering tempera-
ture, respectively. Representative energy and momentum cuts
through the same data are in Fig 2.

In the paramagnetic phase at 7' = 45.0(1) K > Ty = 38 K
(Fig. 1(a) and Fig. 2(a,b), the spectrum extends from the low-
est accessible energy transfer of 2 meV to beyond the kine-
matic limit of the experiment (near 30 meV). The scatter-
ing cross section decreases with increasing () faster than the
squared iridium form factor (dashed line, Fig. 2(b)). This in-
dicates short ranged inter-site spin correlations combined with
a spectrum of fluctuations (Fig. 2(a) that extends to energies
well beyond kg7'. This is characteristic of frustrated mag-
netic materials where interactions do not favor a state with
long range spin order. In particular the 7' = 0 dynamic spin
correlation function of the Kitaev quantum spin liquid is vir-
tually Q-independent while the spin flip excitation spectrum
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FIG. 1. Magnetic excitation spectrum of 8-"Li'®*IrO3 probed by
inelastic neutron scattering at 7' = 4.0(1) K. The data combines
scattering from neutrons of incident energies 10.5 meV, 30 meV, 60
meV, and 120 meV, with spectrum taken at 7 = 200.0(1) K and
300.0(1) K subtracted as the background (see Appendix B). The
dashed lines represent the kinematic limit for neutrons of different
incident energies.

is broad and feature-less above a gap.

A massive rearrangement of spectral weight occurs upon
cooling to ' = 4.0(1) K« Ty (Fig. 1(b)). Lower en-
ergy magnetic neutron scattering shifts to a ~w ~ 12 meV
intensity maximum. This shift indicates a corresponding re-
duction in the exchange energy relative to the paramagnetic
phase. Strong momentum dependence develops in the low en-
ergy regime (Fig. xx) with a distinct intensity near the incom-
mensurate magnetic wavevector Qm = 0.57(1)a* = [37].
There is an apparent A = 2.1(1) meV gap in the magnetic
excitation spectrum (Fig. 2(c)).

The detailed temperature dependence of magnetic neutron
scattering from S-LisIrOg is in Fig. 3. Frame (a) shows the de-
velopment of elastic magnetic Bragg peaks as an order param-
eter (squared). The critical temperature is consistent with a
peak in the magnetic specific heat plotted as AC(T") /T versus
T in Fig. 3(c)). The magnetic component of the specific heat
was isolated from the phonon contributions by plotting field



FIG. 2. Cuts across experimental data shown in Fig. 1. The aver-
aging window inQ is 0.4A ! to 1.5A !, and the windows ifE

is 2 meV to 25 meV. Panels (a) and (c) show @everaged cuts,
and panels (b) and (d) show the energy averaged Qutaveraging

is weighted byQ? to represent the averageIofQ; ! ) throughout a
spherical shell of momentum space. The purple line in (b) shows the
scaled magnetic form factgf (Q)j? for Ir** .

difference data. The critical temperature inferred from the halfIG. 3. Temperature dependence of magnetic neutron scattering and
point of sharp upper edge &y = 38:5(5) K (dashed line). speci ¢ heat capacity data near the critical temperafre= 38 K.
Fixing the critical temperature at this value, a t to the temper-In all panels the red dashed line highligfis . (a) Integrated mag-
ature dependent Bragg intensity yields a rough estimate of theetic Bragg peak intensity as a function of temperature. The line
critical exponent = 0:42(6). This value is consistent with through the data is that of an order pa_rameter squared With_ t_he critical
the value for the 3D Ising model gng = 0:326) but also temperature determlne_d by the speci ¢ heat data and a_crltlcal expo-
indistinguishable from the Heisenbergtisenperg = 0:365) nent = 0:43(x). The inset depicts the integrated elastic scattering

oA : around the magnetic Bragg peakslat 3:95K andT = 50:0 K.
and XY models (xy =0 345) The magnetic entropy de- the cyan line depicts an example of the gaussian ts used to extract
veloped at the phase transition isS,, = 0:19R log2. The

- e 4 magnetic diffraction intensity which is a measure of the staggered
relatively small value indicates weak magnetic order condensmagnetization squared. (b) Temperature dependent inelastic mag-
ing from a strongly correlated paramagnet. This observatiometic neutron scattering averaged frqm= 0:5A to 1.0A *. (c)

is supported by the small ordered mome®id7(1) g [2]) Black points show the difference between the 0 T and 14 T speci ¢
and the fact that the magnetic excitation extends well beyontleat capacity neafn . The result has been divided By such that

ke T for T = 45 K> Ty (Fig. 1(a) and Fig. 2(a)). Fig. 3(b) theintegrated region under the curve represents the magnetic entropy
displays the temperature dependence of the magnetic excit@ssociated with the zero eld phase transition. The blue points rep-
tion spectrum as a color image. The data illustrate depletioﬁese”t the integrated intensity of the low energy |nelast|c_scatter|ng
of low energy inelastic scattering and the transfer of spectraf™ = [2: 51 meV), which shows a peak @ where magnetic uc-

. . . tuations are enhanced followed by reduced inelastic intensity at low
weight into a broad peak centered at 12 meV (Fig. 2(c)). T as long range magnetic order divelops. y

B.  THz spectroscopy the ordered state. The nite gap in the excitation spectrum

is direct evidence of anisotropic magnetic interactions. Low

The Q = 0 spectrum is of particular interest as it re ects THz transmission at higher energy transfers precluded reliable
spin-space anisotropy, which is central to the Kitaev modelmeasurements of spin-wave excitations above 5 meV.
To measure this, we use THz spectroscopy. The THz trans-
mission spectrum for  Li,IrO3 is presented in Fig. 4(a).
The corresponding imaginary part of the dynamic magnetic C. Heat Capacity
susceptibility °¢! ) atQ = 0 is shown in Fig. 4(b).

The peak aP:8(1) meV has a Lorentzian shape and grad- For access to th€ averaged magnetic excitation spec-
ually forms at temperatures belofy, = 38 K. We asso- trum to the lowest energies, and to probe the critical regime
ciate it with a zone center gap in magnetic excitations fronnear the magnetic phase transition, we measured the spe-



FIG. 4. Time-domain THz spectroscopy ofLi,IrOs. () Raw THz
transmission data at temperatures fr8 to 40 K. (b) °{!) in-
ferred from the transmission data in (a) based on Eq. 7

ci ¢ heat capacity. The result is shown as a plot@£T in

Fig. 5(a). The zero eld data set (black symbols) features

a sharp peak afy = 38 K that marks the magnetic phase

transition as detected in previous studies [1, 14, 26]. Thé&!G. 5. Heat capacity of -Li2IrOs plotted asC(T)=T. In all sub-
change in entropy associated with the temperature regime jplots black points represent zero eld measurements, blue points

the immediate vicinity of the phase transition (30 K to 40 K) represent 14 T measurements, square symbols denote points from
is 1.08(1) J moll K 1. Representing iust 19% of thloq? the dilution refrigerator con guration, and circle symbols denote the

.I ) ’ h'p I 9 Jk' S99 9 . high temperature con guration. (a) Specic heat at zero- eld and
total spin entropy per Ir, this small peak indicates magnetic or- H =14 T. (Inset) View aroundy = 38 K highlighting the peak

der is incomplete and/or develops from a strongly correlategssociated with the magnetic phase transition. (b) Detailed view of
state. Correspondingly, the peak rides on a broad maximufhe lowT regime with model tting. The red line is the sum of three
which in addition to contributions from phonons, is associ-terms: (1) The calculated contribution from 3D antiferromagnetic
ated with the development of short range spin correlationsspin waves above a 2.8 meV gap in the excitation spectrum (Fig. 4),
The application ofl4 T magnetic eld completely suppresses (2) aT linear term that vanishes at high elds, and (3) a separate

the phase transition with more subtle effects at lower temperI ° term that we associate with acoustic phonons.QeY vs T2.
atures. TheT linear term in C(T) is clearly visible here as the intercept

with the y-axis. The 14 T data (blue points) shows no intercept so
that theT linear term appears to be associated with magnetic quasi-
In the absence of an analogous non-magnetic compoun@articles.
the magnetic and phonon contributions to the speci c heat
cannot be unambiguously separated. At low temperatures,
however, the magnetic contributions can be identi ed by ex-
amining the eld dependence of the speci ¢ heat. Fig. 5(b-c) IV. Analysis
showC(T)=T in zero eld (black symbols) and 14 T (blue
symbols) plotted versus and versud 2 in four temperature
regimes. In the zero eld ordered state, the zefointer-
cept shows there is a small lineaf term in the speci c heat,
which is unusual for a long range ordered insulating magnetic To account for the counter-rotating spin structure, the min-
material. imal spin Hamiltonian of -Li,IrO3 istheJ-K - model [38—

A. Spin Hamiltonian and spin wave theory



FIG. 6. Fitting results of the neutron scattering spectra by LSWT. (a) The calculated spectrum for INS of powders from the best t parameters.
The white line represents the kinematic limit of the experimental con guration which combines four different incident energies of neutrons.
(b) The calculated gap at the point in the phase space 3fK - model, as described by parameterand (Eqn. (10)).The white lines

depict phase boundaries between domit@am@nd interactions as described in Ref. [15] and the triangle represents the best t result from our
experiment which is used to calculate the spectrum in panel (a). The white space represents the region of phase space in which the observe
magnetic structure is not stabilized as the lowest energy ground state. (c-€) ®heting for the free parameterd; K , and . The red dashed

lines in (d) and (e) are parabolic ts from which the minima and their uncertainties were extracted. The value of the uncertainty is determined
by where calculated value of exceeds 2, =(1+1=(Nps  Nparams )), With Nps being the number of pixels in our measurement and

Nparams being the number of free parameters in our t. Such practice is not accurate to determine the parameter J, due to its insensitivity to
the spectrum that is visible in INS.

43] X X rate wavevector, we take the magnetic structure to be a long-
H= Hj (8)  wavelength deformation of th@ = (2 =3; 0; 0) component of
tohij 2t the order [40]. Within the region of phase space with domi-
where nant Kitaev interactions, this description fully reproduces the

Q = 0 component of the static structure factor observed in
Hi =JSi S +KS;'S;'+ ((S'S'+S'S'): (9 scattering experiments. The period-3 states in this model also
share the same irreducible representation, propagation vector
pseudo-spifjes = 1=2 operator at sitd. The ve differ- d|rec.t|(t)n,tan<.jth0(t)rl]mt.er rotation of r?agrt]etl(t: momentz t_hat is
ent types of NN Ir-Ir bond are labeled 2 f x;y;z;x%y0y  consistent wi e incommensurate structure re ned in ex-

with associated cartesian componefits, ¢ {)=(x;y;z), Periments [19, 37].

(y;z;x), and(z;x;y) fort 2 fx;x%, fy;y%, andfzg, re- Given the Hamlitonian (Eqn. 9) and the parameterization
spectively. The prefactor, = 1determines the sign ofthe  (Egn. 10), we employ the standatéS semiclassical expan-
interactions which is bond-dependent and prescribed by lation (see details in Refs. [40, 42]) and compute the dynami-
tice symmetry [38]. g; denotes theg-tensor of thei-th I cal spin structure factor (DSF) (Eq 2). To accommodate the
ion which, as discussed by Ruet al. [19], carries a site-  zero- eld spiral magnetic order with propagation wavevector
dependent off-diagonal elemegy, that alternates between ¢ k 5 | we use an enlarged magnetic unit cell composed of

i o ; . e
(xy) a2r1d(x ,2y°) spin chains. Fixing the overall energy scale e orthorhombic unit cells along tiaeaxis with 48 mag-
tobeJc+ K* + 1, the Hamiltonian in Egn. 9 can be I

. . netic sites [40].
parameterized in terms of polar angleand as

Following the nomenclature of Ref. [43[5; denotes the

J=sin cos;K =sin sin; = sgr()cos : (10)
B. Extraction of Exchange Parameters
Within this parameterization, Luttinger-Tisza (LT) analysis
indicates the counter-rotating order is stabilized in the approx- We describe the excitation in the antiferromagnetic state of
imate range of ; ) 2 [(0; 5); (3 %)] [24, 40]. Varying Li»IrO3 by linear spin wave theory and re ne the exchange
mostly with , the incommensurate wave veciQr = ha parameters); K and in Eqn. 9 by comparison to inelas-
takes on valuesinthe ran@éb3. h. 0:80[23], whichmay tic neutrons scattering, THz spectroscopy, and heat capacity
be compared to the experimental valuehot 0:57(1)[17].  measurements.
The LT method does not include the higher harmonic compo- Fig. 6(a) presents the calculat&dQ;! ) with the best t
nents that are required to ensure a xed spin length for a geniNS spectra (Fig. 1, Appendix A), witk =-24(3) meV, =-
eral incommensurate order. Instead of using an incommens@®.3(1) meV, andl  0.40(2) meV. In the)-K - model, the



FIG. 7. (a) Calculated energies at theoint of spin wavedl 1 andM, as described in the text as a functionJofCyan points highlight the
overall best t value of] = 0:4 meV. Blue point shows the observed point from TDTS. (b) Calculated THz response fdrIrO3 (blue)
and the measured TDTS at= 3 K (black). The rst peak is clearly described by the model, while the second excitatigdn-a7.5 meV is
not a well de ned excitation in our measurement.

effect of each parameters on the calculated spectra are showhman the diagonal components by several orders of magnitude.

in Appendix A, from which it is immediately clear that the

part of S(Q;! ) accessed in our neutron scattering experiment

is sensitive to andK . In contrast, the Heisenberg interaction C. Application of LSWT to Heat Capacity

J barely affects the spectrum that is visible in INS, and there-

fore is not well constrained by the neutron data. The delity ] ]

in re ning J;K;  from INS is quantitatively re ected inthe ~_ The temperature-dependent specic heat capacity

variation of 2 with each parameter as shown in Fig. 6(c-e).Cmag(T) ~ @U=@Tan be modeled by bosonic magnons

While 2v.s.K and have a parabolic shape, Fig. 6(c) showsstarting from

the value of] is not well constrained by the INS data. Z,
Although the majority of the spectral weight observed in the U(T) =

INS is not sensitive td (Appendix A), E is closely linked

tohJ_ 'hTO d%termrllne] , W therefore turn(;o_THz spectroscopy, Here, is the spin wave excitation energy, is the excita-

which probes the point spectrum and is sensitive toE. tion gap, = 1=kgT, andg( ) is the magnon density of

The result (.)f calcu_latlng E using LSWT over th_e phase states[47]. For a three ngmensional antiferromagnet with a
space consistent with the incommensurate order is shown iR

g() ..
o 4 (11)

- i i =Y T 721 (co?
Fig. 6(b). Near our best t point from INS, E increases dispersion relation(q) = +(cq® we have
strongly with increasing values of. v
Using the values ok and and the range of determined 90)= 552 2 2 (12)

from INS, the LSWT predicts the lowest two modesat=

Oto beat0O 1meVandl 5 meV. We designate these The 3D nature of the low energy magnons is re ected in the

modes ad/; andM; respectively and their dependencelon linearity of Cmag =T versusT 2 for temperatures above=kg

is presented in Fig. 7. Assigning t2e8 meV peak observed (Fig. 5(c)). The values for, ,and =4 were xed by the

in THz spectroscopy (Fig. 4) el , leads to the re nement of calculated linear spin-wave dispersion for the lowest energy

J = 0:40(2) meV and the prediction of the lower energy M1 band at the point. Because and are closely coupled, the

mode at 0.4 meV. speci ¢ heat data do not provide an independent estimate for
We now use the extracted parameters to calculate the full . To t the measured speci ¢ heat, we must add a linear

spectrum of magnetic excitations for comparison with futureterm with = 1:28(2) mJ/mol/K?, an additionall 3term that

INS or RIXS experiments on single crystals. Fig. 8 showsmay be associated with acoustic phonons, as well as a contri-

the spin wave dispersion relation along a high symmetry trabution at very low temperatures from the nuclear speci c heat

jectory through the magnetic Brillouin zone. Fig. 9 shows(C(T)/ 1=T2). AT linear term in the speci ¢ heat capac-

the diagonal components of the dynamic spin structure facity was previously associated with fermionic quasi-particles

tor, S3(Q;!), SP(Q;!), S(Q;! ) for wave vector trans-  in spin-1/2 chains[48] and quantum spin liquid candidates[49]

fer along the orthorhombic (100) direction. We note that whilethough it can also be associated with localized possibly disor-

the off-diagonal components are non-zero, they are weaketer related excitations[50].



[Source  [JK Estimate [Method

Ref. [15] |Kj>j j | Jj LLG using magnetic structure
Ref. [44] | = 15(11)meV,3]J + K = 11(4) meV Single crystal Magnetization
Ref. [41] |3  4K,jKj | J};iG] | Jj H. and Magnetic Structure

Ref. [45] |K <0J jJ Kj;J>0 Diagonalization

Ref. [46] |K =[ 15 12lmeV, =[ 3:9; 2:1]meV,J =[0;1:5] meV Diagonalization and MRCI+SOC
Thiswork|K = 24(3)meV, = 9:3(1) meV,J = 0:40(2) meV INS, TDTS, Heat capacity

TABLE |. Summary of literature estimates of exchange parametersliiz IrOs.

V. Discussion

By acquiring and comparing multiple experimental data
sets with a detailed spin-wave theory, we have constrained
the parameters], K, and of the spin Hamiltonian
for LioIrO3. The validity of the re ned parameters
(J;K; ) =(0 :40(2); 24(3); 9:3(1)) meV,is corroborated
by the following additional considerations and experimental
results. Firstly, The extracted Heisenberg exchahgecon-
sistent with the critical eld for the ordered state, which is
predicted to vary asg oH. = 0:46J [41]. Using our result
ford we nd oH. 3:2(2) T, which is consistent with the
observed value of 2.8 T. Secondly, the temperature-dependent
feature near! =7 meV in our THz data is close to the pre-
diction of the third-lowest excitation att =7.5 meV at the

point though low THz transmission precludes de nite iden-

; ; ; : .. FIG. 8. Linear spin wave dispersion spectra along a high symmetry
ti cation of the 7.5 meV anomaly (Fig. 4(b)) with a magnetic ath in the Brillioun zone of the orthorhombic unit cell using best t

excitation. Our result_s are generally consistent with previou alues of interaction parameters.
theoretical and experimental works that have attempted to es-
timate these parameters as shown in Table I.

The ratios 0fJ=jK j=0.017(2) and =K j=0.39(5) place pressing magnetic order insHilr ;0 [55-57], this type of

~ Li2IrOz within the KSL phase [29]. The fact that-  disorder is absent in Li,IrOz. These distinctions notwith-
Li2IrO3 in reality develops magnetic order may be ascribedstanding, the coordinating anions for iridium as well as the
to additional Symmetry a”OWed intel‘actions iI’lCluding furthersuper_exchange pathways are anaiogous for the two com-
neighbor interactions and unequal Kitaev exchange across digpunds so that that the spin hamiltonian presented here may be
tinct Ir-O-Ir bonds. Nevertheless, our results indicate prox-z good quantitative starting point for the study afLfir ,O.
imity to KSL so that the application of a magnetic eld or |n particular, strong dominant FM Kitaev interactions should
pressure [51] could pOtentially drive Li2|r03 into an ex- be anticipated for b'l—”rZOG given the evidence that we
otic phase. Indeed both a modest external magnetic elds anfaye presented for Li,IrO3. The exchange parameters for
hydrostatic pressure suppress long range magnetic order, at |j,|rO; could be used to calculate the experimentally ob-
Hc = 2:8T [19, 44] and 1.4 GPa [27, 52] respectively. The servable INSS(Q;! ) for HsLilr ;Og, perhaps giving a route
pressure-induced phase was shown to be the result of Ir-t petter understand if it is in fact a quantum spin-liquid with

dimerization and a collapse of thies; =1/2 state [53]. The pound uxes [58] or a random valence-bond solid as has been
eld-induced phase however, has compelling features includsyggested in other works [59].

ing eld driven magnetism that comprises both a ferromag- Finally, we discuss the linear ternT in the zero- eld
netic component and a zigzag component as for the eld ing4¢ capacity (Fig. 5). AT linear term can arise from
duced magnetism in  RuCk [10, 19]. fermionic quasi-particles with the Sommerfeld constant
Our quantitative determination of the spin hamiltonian for proportional to the density of states at the Fermi level.
Li»IrO3 informs ongoing studies of the honeycomb iridate ranges from mJ/mole/Kin uncorrelated metals such as cop-
HsLilr ,0g, which is a promising candidate [11, 12, 54, 55] per to J/mol/K in heavy-fermion systems [60-62]. With
for the realization of a KSL. There are differences betweemo fermionic charge carriers, a linear term is generally un-
LioIrOz and HLilr,Og that complicate comparison of expected for insulators, but it has been reported in materi-
their magnetism. First, the three dimensional hyperhoneyals with quasi-one-dimensional spin-1/2 chains such as cop-
comb geometry of Li,IrO3 results in different Ir-Ir bond per pyrazine di-nitrate[63]. There it is quantitatively ac-
lengths (2.98A and 3.10A respectively). Second, while in- counted for by fermionic spinons, which form a Luttinger
terlayer H disorder appears to play an important role in supliquid with = 2=3R(kg=J) in zero eld. A linear term



was also reported in QSL candidate materials including the
hyperkagome system Bz Og [64]. In our measurement,

= 1:20(1) mJ/mol/K? is comparable to Ngdr;Og where

2mJ/mol/K2 [64], but less than other insulating QSL
candidates like (BEDT-TTF),Cw(CN); where = 12
mJ/mol/K2 [49].

The complete suppression offor  Li,IrO3z under a 14
T magnetic eld (Fig. 5) indicates its magnetic origin and is
consistent with prior NMR and THz data[65]. For spin-1/2
chains two different eld effects on have been demonstrated.

In copper pyrazine dinitrate thE linear term is enhanced

in an applied eld. This is fully accounted for theoretically
as resulting from a eld induced suppression of the spinon-
velocity, which enhances the spinon density of states at the
fermi level. The opposite effect is found in copper benzoate
which has two magnetic sites per 1D unit cell with symmetry-
related g-tensors. As a result a uniform applied eld produces
an effective staggered eld that opens a gap in the magnetic
excitation spectrum and replaces fhe linear speci ¢ heat
capacity by exponentially activated behavior[66—68].

The presence of linear term in the speci c heat of a mag-
netic origin in  Li,IrO3 is interesting because it cannot be
accounted for by the spin wave theory that was used here to
successfully account for the ordered state as well and the in-
elastic magnetic neutron scattering spectrum. It seems un-
likely that exotic fermionic quasi-particles associated with a
proximate spin liquid phase would contribute to the very low-
est energy part of the excitation spectrum within a symmetry-
breaking long range ordered state. The incommensurate na-
ture of the ordered state could be relevant as it admits a gapless
phason mode as well as complex domain wall structures both
of which have the potential to contribute to the low tempera-
ture heat capacity. A detailed study of the eld dependence
of to determine for example whether its disappearance co-
incides with the 2.8 T critical eld[69] would be informative.

FIG. 9. The diagonal components of the spin dynamical structure

VI. Conclusions factor and their sum. In the background, we also plot the linear spin

wave spectrum (shown by thin white lines). The color scale is arbi-

. ) L trary.
Using a double isotope powder sample and the high inten-

sity time of ight spectrometer SEQUOIA at the SNS, we
have acquired quality inelastic magnetic neutron scattering

data within the incommensurate magnetically ordered state o 'Li2|r03 close to a spin-liquid pha;e. A small linear term in
the spin-1/2 hyper-honeycomb lattice of 7Li%1rO5. Com- (T) is not accounted for by the spin wave theory but could

plementary information about electronic excitations was obDe related to a gapless phason mode, domain wall modes, or

tained through time domain THz spectroscopy and speci Cdisorder. A clearer picture of the spin-wave excitation spectra

heat measurements and the curious pressure and eld-driven disordered phases
To quantitatively establish a spin hamiltonian for this ma—rnuSt await synthesis of larger single crystalline samples.

terial we compared these experimental results to those calcu-
lated for a minimal spin hamiltonian with identical anisotropic
nearest neighbor interactions of thek;  form.

The Q-dependent spin-wave excitation spectrum was
observed through inelastic neutron scattering from which
K and were found, and excitations at the point were This work was supported as part of the Institute for Quan-
observed through TDFS and further veri ed by heat capacitytum Matter, an Energy Frontier Research Center funded by
measurements. These were re ned using the dkodel dis- the U.S. Department of Energy, Of ce of Science, Basic En-
cussed in the text, resulting in exchange parameters J=0.40(8)gy Sciences under Award No. DE-SC0019331. CB was
meV, K = -24(3) meV, and =-9.3(1) meV. This result places supported by the Gordon and Betty Moore foundation EPIQS
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program under GBMF9456. The research at the ORNL Spaleomponent of the scattering that does not obey detailed bal-
lation Neutron Source was sponsored by the U.S. Departmeiince between positive and negative energy transfer processes
of Energy, Of ce of Basic Energy Sciences. We would alsocan be considered as the temperature-independent background
like to acknowledge the help of Sayak Dasgupta for heat caeriginating from the sample environment. Assuming that
pacity calculations. there exists a true inelastic sigr&(Q; ! ) and a temperature-
independent background.g (Q; j! j), the scattering intensity
for a particular pointirQ ! space at temperatufle should
VIIl.  Appendices obey the following relationship:

A. Calculated scatteringJ; K; Dependence

(T )= log( )+ e ' & I2(T) (B1)
The ts to the measured INS data were performed by the
systematic calculation of neutron scattering spectra for many o . .
sets of exchange parameters. Spectra were rst calculated Here, =1, 1.] and Qenotes ppsmve or negative energy
globally in the region of - space that stabilize the incom- transfer. Due to kinematic constraints, some value® aind

mensurate magnetic order [15], then were more nely calcuj! J do not permit(Q;j!_ J) and(Q; j ! j) to be simultaneously
éaa:cessed. These points are therefore excluded from the anal-

ysis. For every pixel i) ! space the value dyg (Q;! ),
lokg (Q; j !']), andST (Q;j! j) are allowed to be independent
free parameters, ar8' (Q;j! j) could take different values
for different temperatures. We now ha2hl+ equations and
+ N1 unknowns, wher@&\ 1 is the number of temperatures
hat have been measured. So longN\as 2, a solution

spectra.

The variation of the scattering with these parameters is dif
ferent for each, as shown in Fig. 10. The variationJdfias
very little effect on the spectra. The value ofmost sensi-
tively changes the excitation spectra, controlling the overal
energy scale Of. the spin-waves. The in uencekofis more an be found for the true inelastic scattering from sample,
subtle, but varying th& parameter changes the energies an Q1)
intensities of some bands at energies higher thamhis is T
seen in the second row of spectra in Fig. 10. Thus, the scat- The system of equations is then solved using a weighted or-
tering can be used to extract valuesorand  but notJ . dinary least-squares method [71], resulting in full solutions of

S(T), lbkg( ), andlyg( ) for every point in the measure-
ment with appropriate estimates for the standard error. This

B. Neutron Data Analysis correction is performed separately for each incident energy
of neutrons. We note this method could potentially fail due
1. Annular Absorption Correction to an incomplete correction of energy-dependent absorption

or the presence of temperature-dependent scattering that does

not obey detailed balance. The latter is dominated by multiple
attering processes, though there may be other contributions.

The results after this procedure are shown in Fig. 11, which

dependent neutron absorption still affects the measureme emonstrate the overall inelastic spectra with major contribu-
To account for this, we use a Monte-Carlo method in the Mantion from magnetism and phonons.

tid software which takes into account the full neutron path for 1a effectiveness of this procedure is corroborated by the

each pixel as a function of scattering angle and energy transfy,cessful removal of the tails of Bragg scattering in the nega-
[70]. Further details may be found in the Mantid documen-e energy transfer side. These are clearly seen in the raw data
tation for the AnnularRingAbsorption method. Finally, the (Fig. 11 (a-c)) and the identi ed temperature-independent
mgasurements were normalized to units of barn/_eV/sr/ mol 'Background (Fig. 11(d)), and are no longer present in the ex-
using measurements on a known mass of vanadium. tracted inelastic scattering spectra (Fig. 11 (e-g)). In Fig. 12
(a-c), we presented the energy cuts integrating bk * <
Q < 2:0A ! for both raw data and the inelastic spectra after
detailed balance correction. We note that at high energy trans-
fers in panels (a-c), the scattering intensity in the extracted
A common method to remove backgrounds from the samplénelastic spectra (blue) exceeds that in the raw data (black) at
environment in inelastic neutron scattering studies is to subsome! values. This is because the detailed balance method
tract the scattering intensity from with and without the samplejs not employing a direct point-by-point subtraction but doing
which is not ideal when the scattering intensity from the sam-a least-square tting, which in addition is under the assump-
ple is too weak to allow good statistics for both data sets in dion that the sample-independent background is temperature-
limited time. In this work, we instead took a different route independent. Both statistical uncertainty of the data and the
by taking advantage of the fact that all the inelastic scattertemperature-dependence of background could lead to the re-
ing from the sample at a given temperature must obey the desult that the intensity after background subtraction exceeding
tailed balance principl&( ! ) =exp( ~!=kgT)S(! ). The thatinthe raw data (Fig. 11(j)).

Although we have taken care to minimize absorption by
means of a custom annular aluminum sample can and isotop
enrichment of botH®3Ir and’Li, signi cant energy transfer

2. Detailed Balance Correction
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FIG. 10. Calculated powder averaged INS intensities with variations in J, K, afitle magnetic form factor of it is not considered in the
calculation, and a constant broadening in energy of width 1meV is used to approximate instrumental resolution effects.addileare
well constrained by this method, has little in uence on the scattering. The intensity scale is arbitrary but consistent across the calculations.

FIG. 11. Inelastic neutron scattering spectra ofLi»IrOs before and after background subtraction as described in Appendix B2. (a-c)
Spectra measured @t4 K, 45 K, and 200 K with neutrons of incident enefigy=30.0 meV. The detailed balance correction was performed
for measurements with all;EEon gurations. (d) The temperature-independent backgraupd Q;! ) (Eqn. B1).



