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A. Structural parameters from Powder XRD refinement:

TABLE S1. Structural parameters for Ba3NiIr2O9 after refinement. The atomic positions are as follows:

Ba(1), 2b(0, 0, 1/4); Ba(2), 4f (1/3, 2/3, z); Ir, 4f (1/3, 2/3, z), Ni, 2a(0, 0, 0), O(1), 6h(x, 2x, 1/4); O(2),

12k(x, 2x, z)

Atom Parameter XRD at 300 K

a (Å) 5.75(5)

c (Å) 14.28(1)

V (Å3) 409.60(8)

Ba(1) B (Å2) 0.17(1)

Ba(2) z 0.91(2)

B (Å2) 0.17(1)

Ir z 0.15(3)

B (Å2) 0.11(7)

Ni B (Å2) 0.42(1)

O(1) x 0.50(6)

B (Å2) 0.89(4)

O(2) x 0.15(2)

z 0.42(2)

B (Å2) 0.89(4)

Re(%) 11.2

Rwp(%) 16.0

χ2 2.03
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TABLE S2. Select bond lengths (Å) and bond angles (◦) for Ba3NiIr2O9

XRD at 300K

Ba(1)-O(1)×6 2.88 Å

Ba(1)-O(2×6 2.89 Å

Ba(2)-O(1) ×3 2.81 Å

Ba(2)-O(2)×6 2.88 Å

Ba(2)-O(2)×3 2.97 Å

Ir-O(1) 2.2 Å

Ir-O(2) 2.1 Å

Ni-O(2) 1.88 Å

Ir-Ir (Intra-dimer) 2.76 Å

Ir-Ir (Inter-dimer) 5.5 Å

Ir-Ni 3.98 Å

∠Ir-O(1)-Ir 77.31◦

∠Ir-O(2)-Ni 174.9◦
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B. Analysis of heat capacity: For an insulating magnetic system like BNIO, the heat

capacity (Cp) has contributions from lattice specific heat (Clat) and magnetic specific heat (Cm).

In absence of any analogous non-magnetic compound, we have modeled the lattice contribution

using a combination of one Debye term and two Einstein terms [1, 2] as

Cp(T ) = m
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The fitting of Cp in the range of 30 K - 200 K (see Fig. S1) finds θD, θE1, θE2 as 188 K, 855

K, 347 K respectively. Cm is then extracted by subtracting the extrapolated lattice part (Clat) from

Cp.

FIG. S1. (a) Cp at zero field along with Debye-Einstein fit extrapolated to low temperatures. The low

temperature region has been highlighted in panel (b).

The subtracted specific heat shows a broad peak around 7 K. Such feature very often is as-

signed as Schottky anomaly arising due to level splitting [3, 4]. One important feature of Schottky

anomaly is that the external magnetic field makes the curve much broader and shifts the peak po-

sition towards higher temperature [5]. However, the peak shows negligible shift [∼ 1 K for a field

of 12 T] in present case, strongly implying that it is not related to the Schottky anomaly. We have

also attempted to fit the Cm curves using two level system given as [6, 7]:
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FIG. S2. Zero field Cm at low temperature along with two level Schottky fit as described in Eq.2

here, ∆g is the energy gap between two levels. It can be easily seen (Fig. S2) that the feature of

BNIO sample can not be described by Schottky anomaly.
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C. Fitting of µSR spectra: Various models containing product of two functions were

used to fit the obtained µSR spectra considering the presence of two kind of local fields in the

system. We have considered a combination of static and dynamic relaxation functions as shown

in Table S3. But these models fail to fit our observed spectra. As an example, Fig. S3 shows

fitting of first model of Table S3 at low temperatures. It can be seen here that it fails to capture

the spectra during the initial decay part. Moreover, these fits with two different background yields

a negligibly small order parameter Q ( 10−5). This further implies absence of glassiness or spin

freezing in the system.

TABLE S3. Product functions used for fitting µSR along with a addative background. Here A is amplitude,

ω = 4(1−Q)a2

ν ,Q is order parameter, a is half-width half maximum of the local field Lorentzian Distribution,

λ and δ are decay rates, and β is the stretching exponent

S.No. Function Formula

1 Spin Glass · Exponential Decay A

(
1
3e
−
√

Ωt + 2
3

(
1− Qa2t2√

Ωt+Qa2t2

)
e−
√

Ωt+Qa2t2
)
· e−λt

2 Kubo Toyabe · Exponential Decay A
(
e−δ

2t2/2
(
1− δ2t2

)
2
3 + 1

3

)
· e−λt

3 Kubo Toyabe · Stretch Exponential A
(
e−δ

2t2/2
(
1− δ2t2

)
2
3 + 1

3

)
· e(−λt)β

4 Stretch Exponential · Exponential Decay Ae(−λ1t)β · e−λ2t
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FIG. S3. Fitting low temperature data using a model taking product of spin glas and exponential decay

function as described in Table S3 with background consisting of static Kubo-Toyabe function (a-c) and a

flat background (d-f). Inset at (a) shows asymmetry during initial decay.
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Considering previous studies done on compounds with same structure[8, 9], a three component

model is used to fit the µSR spectra accountring for three different muon stopping sites present.

The model is given as

A(t) = A1G(t,∆H1, ν) + A2G(t,∆H2, ν) + A3KT (t, δ) (3)

Here, A1, A2 and A3 are the amplitudes of the corresponding terms,

G(t,∆H, ν) is the Keren function[10] defined as

G(t,∆H, ν) = exp

[
−2∆H2 (ω2

L + ν2)νt+ (ω2
L − ν2)(1− e−νtcos(ωLt))− 2νωLe

−νtsin(ωLt)

(ω2
L + ν2)2

]
(4)

where, ν is fluctuation rate,

∆H is distribution of local fields, and

ωL is Larmor frequency (longitudinal field times moun gyromagnetic ratio)

And, KT (t, δ) is static KuboToyabe function[11] given as: -

KT (t, δ) =
1

3
+

2

3
eδ

2t2/2(1− δ2t2) (5)

with δ being the decay rate.

The background contribution is different between measurements in dilution refrigerator and

helium cryostat and, has been kept fixed for our analysis within the corresponding temperature

range. The following figure shows various fitting parameters A1,A2, A3 and ∆H1, ∆H2, δ with

temperature.
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FIG. S4. Various parameters extracted by fitting eq.(3) to observed zero field(ZF) spectra.
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D. µSR under longitudinal magnetic field :
In case of longitudinal field(LF) measurements, equation (3) is used to fit the observed spectra

with diferent values of applied field. The fitting of µSR spectra at different longitudinal fields and

the extracted parameters are shown in the following figures:

FIG. S5. Asymmetry vs time curves at 100 mK for various applied longitudinal magnetic fields.




 



 

 

FIG. S6. Various fitting parameters for longitudinal field(LF) measurements done at 100 mK
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E. Theoretical calculations:

FIG. S7. Various possible magnetic states of Ba3NiIr2O9. For clarity only the magnetic ions (Ni and Ir) are

displayed

TABLE S4. Energy of various magnetic states along with the spin and orbital moments, obtained using

LSDA+U+SOC method. Energy for Config-1 (a ferromagnetic state) is taken to be zero. Orbitals moments

of both Ni and Ir are written in the parenthesis.

Energy Spin (Orb) Moments

(meV/Unit Cell) (µB)

Ir Ni

Config-1 0.0 0.60 (0.20) 1.74 (0.20)

Config-2 16.8 0.39 (0.08) 1.73 (0.19)

Config-3 -65.6 0.64 (0.22) 1.74 (0.17)

Config-4 -43.8 0.53 (0.12) 1.72 (0.20)
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F. Electronic structure of lowest energy magnetic state: In view of the fact

that SOC is crucial for the electronic and magnetic properties of isostructural compounds [8, 12],

we have carried out LSDA+U+SOC calculations to find out the relative stability of four possible

magnetic ordering as displayed in Fig. S7. The calculated energies of all the considered mag-

netic configurations along with the spin and orbital moments of the magnetic ions are shown in

Table S4. The lowest energy state in our LSDA+U calculations in the presence of SOC is found

to be config-3 which corresponds to the antiferromagnetic ordering between the two Ir ions in

the structural dimer and ferromagnetic alignment between the Ir and Ni ions. We note here that

a strong stabilization energy of the Config-3 state is consistent with the corresponding calculated

Ir-Ir and Ir-Ni magnetic exchange as reported in the main text of the paper. The spin moment on

the Ir site in the lowest energy state is 0.64 µB. Orbital moment is also quite substantial (0.22

µB) as usually seen in Ir based oxides. We also note here that a high value of spin moment on Ni

site (1.74 µB) is consistent with S = 1 state as has been discussed in the manuscript. Since de-

spite of having such strong stabilization energy and large local moment, system do not order down

100 mK at-least, it implies that the quantum spin fluctuations due to the frustration dominate and

suppresses the long range magnetic ordering.

Further, we have computed the electronic structure of this state using LSDA+U approach with

and without including spin-orbit coupling (SOC). The results of both calculations are displayed

in Fig. S8. Our calculations reveal that LSDA+U is unable to capture the insulating nature of

the system, observed in experiment, pointing to the fact that SOC may be important to obtain

the correct electronic structure of this system. Inclusion of spin-orbit coupling makes a significant

difference in the overall electronic structure of the system and capture the true insulating electronic

ground state as shown in Fig. S8 (b). The magnitude of the gap comes out to be 0.14 eV.

Interestingly the projected DOS of Ni-d states does not show any significant difference in the

presence of SOC. The LSDA+U clearly see that the majority Ni d-states are completely filled up,

while there is a gap of around 6 eV between the two prominent peak of the minority d-states.

This is the gap between the t2g and eg states where t2gs are completely filled and eg appear as a

conduction state far from the Fermi level. Such description of the electronic structure is consistent

with the nominal S = 1 (d8) state of Ni. The PDOS near Fermi level are dominated by the Ir-d

states and presence of SOC split these bands and open a small insulating gap. Thus the system can

be considered as a member of spin-orbit driven Mott-Hubbard insulator [13].
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(a) LSDA+U (b) LSDA+U+SOC

Ir-d

Ni-d

Total

FIG. S8. The total and projected density of states (PDOS) for Ir-d and Ni-d in the magnetic state (config-

3 of Fig. S7) as obtained from (a) LSDA+U and (b) LSDA+U+SOC. In the LSDA+U PDOS of (a), the

majority (black solid line) and minority (red dotted line) states are shown separately. In the presence of

SOC, majority and minority states get mixed up and the resultant PDOS is shown in (b).
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