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Evidence for the random singlet phase in the honeycomb iridate SrIr2O6
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Strong spin-orbital-coupling magnetic systems with the honeycomb structure can provide bond-directional
interactions which may result in Kitaev quantum spin liquids and exotic anyonic excitations. However, one
of the key ingredients in real materials—disorders—has been much less studied in Kitaev systems. Here we
synthesized a trigonal SrIr2O6−δ with δ ≈ 0.25, which consists of two-dimensional honeycomb Ir planes with
edge-sharing IrO6 octahedra. First-principles computation and experimental measurements suggest that the
electronic system is gapped, and there should be no magnetic moment as the Ir5+ ion has no unpaired electrons.
However, significant magnetism has been observed in the material, and it can be attributed to disorders that
are most likely from oxygen vacancies. No magnetic order is found down to 0.05 K, and the low-temperature
magnetic properties exhibit power-law behaviors in magnetic susceptibility and zero-field specific heat, and a
single-parameter scaling of the specific heat under magnetic fields. These results provide strong evidence for the
existence of the random singlet phase in SrIr2O6−δ , which offers a different member to the family of spin-orbital
entangled iridates and Kitaev materials.

DOI: 10.1103/PhysRevB.103.L241114

A two-dimensional (2D) honeycomb magnetic system may
host a so-called Kitaev quantum spin liquid (QSL) if the mag-
netic interactions are strongly bond dependent [1–3]. Many
iridates and α-RuCl3 have raised great interest recently, as
the edge-sharing IrO6 or RuCl6 octahedra provides the unique
building block of such bond-directional Kitaev interactions
[4–16]. Although many of them show long-range magnetic or-
dering due to the presence of other types of interactions, such
as Heisenberg and off-diagonal exchanges [5–7], possible
QSL states may be still realized through tuning magnetic field,
pressure, and chemical modification [13,14,17–20]. However,
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despite great efforts and progress made, theoretical discus-
sions and experimental verifications of the effects of disorder
and randomness in the electronic and magnetic states of Ki-
taev materials are much less studied [21–27], even though they
are inevitable in real materials.

Strong randomness can results in an interesting phase
dubbed the random singlet phase (RSP), where the spins
across arbitrary distances are able to form singlets due to
the random distribution of antiferromagnetic (AFM) inter-
actions [28]. A crucial feature of a RSP is that its heat
capacity C and magnetic susceptibility χ must obey single-
parameter scaling behaviors at low temperatures, such as, both
C(T, H = 0)/T and χ (T )|H→0 show power-law temperature
dependence with a negative exponent between -1 and 0, and
C(H, T ) ∝ H−γ F (T/H ). The RSP has been well illustrated
theoretically in one dimension (1D) [29–31]. The theoretical

2469-9950/2021/103(24)/L241114(7) L241114-1 ©2021 American Physical Society

https://orcid.org/0000-0001-6362-4863
https://orcid.org/0000-0001-8387-2717
https://orcid.org/0000-0002-9816-1915
https://orcid.org/0000-0001-8006-4415
https://orcid.org/0000-0002-9669-5761
https://orcid.org/0000-0001-9771-7494
https://orcid.org/0000-0001-7922-3730
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.L241114&domain=pdf&date_stamp=2021-06-23
https://doi.org/10.1103/PhysRevB.103.L241114


PENGBO SONG et al. PHYSICAL REVIEW B 103, L241114 (2021)

framework was extended to 2D and three-dimensional random
spin-1/2 quantum magnets [32–35], but the problem cannot
be solved in an analytically controlled manner. Only in recent
years has unbiased quantum Monte Carlo seemed to reveal the
existence of a 2D RSP for the square-lattice spin-1/2 quantum
spin system with random interactions [36]. It should be noted
that these studies have not involved spin-orbital couplings
(SOCs), which are fundamentally present in the above Kitaev
materials.

Experimentally, the RSP has long been found in doped
semiconductors, such as Si:P and CdS [37,38]. The essence
for the existence of the RSP in these systems is that the spins
are randomly distributed in space in essentially a continuum
way, with the exchange coupling J between any two sites
falling off exponentially with distance r. This “continuum”
is because the range of J is set by the radius a of the donor
electron, which is much greater than the host lattice spacing.
Recently, many frustrated magnetic systems showing no mag-
netic order have attracted a lot of interest, including iridates,
as they may host the QSLs [13,13,14,39–42]. Alternately,
the picture of RSP also emerges as a very good guess to
explain experimental observations for some of these magnets
[34–36,43], especially considering that these materials are
very different in composition and microscopic magnetic in-
teractions but surprisingly exhibit part of the single-parameter
scaling behaviors described above.

In this work we show that the RSP may also exist in a newly
discovered strong SOC iridate, SrIr2O6−δ , where Ir5+ ions
form a 2D honeycomb lattice. While Ir5+ itself should have
zero spin number, the oxygen vacancies in the material give
rise to magnetic moments. Both the magnetic susceptibility
and specific heat show scaling behaviors expected for the
RSP, but the exponents are slightly different for these two
properties, which indicates strong SOC effects. Our experi-
mental observations are further supplemented by state-of-art
first-principles calculations.

Single crystals of SrIr2O6−δ were synthesized by mixing
Sr(NO3)2 powders and Na2IrO3 single crystals, which were
kept at 400 ◦C for 10 h. The product was washed by deionized
water many times, and pure samples were collected after
drying at 80 ◦C. The final crystals typically have hexagonal
shape, with an in-plane size of about 1 mm and thickness of
about 0.2 mm. The resistivity and heat capacity were mea-
sured by a Physical Property Measurement System (Quantum
Design) with the dilution refrigerator option, and the magnetic
susceptibility was measured by a Magnetic Property Mea-
surement System (MPMS, Quantum Design) and a MPMS
with the He-3 option. The crystal structure was determined
by the single-crystal x-ray diffraction (SC-XRD). Scanning
transmission electron microscopy (STEM) observations were
performed in the JEOL ARM200F equipped with double
aberration correctors and operated at 200 kV. X-ray photo-
electron spectroscopy (XPS) was measured on an AXIS Ultra
system (Shimadzu, Japan) with an Al Kα radiation (hν =
1486.6 eV). All binding energies were calibrated against the
C 1s peak (284.8 eV), which arises from surface adventi-
tious carbon. The first-principles calculations were carried out
based on density-functional theory (DFT) using the projector
augmented wave method as implemented in Vienna ab initio
simulation package [44,45].

FIG. 1. (a) The crystal structure of SrIr2O6−δ for the top view
(left) and the side view (right). The edge-shared IrO6 octahedra
are shown. (b) The STEM image taken along the c-axis direction.
According to the SC-XRD results, the light and dark dots corre-
spond to the position of Ir and Sr, respectively. (c) XPS spectra for
SrIr2O6−δ , Na2IrO3, and NaIrO3. Both peaks come from the iridium
ions. (d) (left) The first Brillouin zone for SrIr2O6. (right) Band
structure and projected DOS of SrIr2O6. The horizontal dashed line
represents the Fermi energy EF .

Figure 1(a) gives the crystal structure of SrIr2O6−δ (space
group P3̄1m), where Ir5+ ions with edge-shared IrO6 octahe-
dra form the honeycomb layers separated by the Sr2+ ions.
SrIr2O6−δ can be viewed as alternately stacking structure of
layered IrO3 and Sr atom layer. The detailed information for
the crystal structure determined by the SC-XRD is given in
Table I. Figure 1(b) shows a STEM image taken along the
c-axis direction, which shows a perfect honeycomb arrange-
ment of iridium ions. To obtain the valence of iridium in
SrIr2O6−δ , we compare its XPS spectra with those of NaIrO3

and Na2IrO3 as shown in Fig. 1(c), which are known to have
5+ and 4+ iridium ions, respectively. It is clear that the
spectra of SrIr2O6−δ is close to that of NaIrO3, which suggests
that the valence of iridium ions is mostly 5+. Comparing the

TABLE I. Nuclear structure parameters of SrIr2O6 with the space
group of P3̄1m (No. 162): a = b = 5.263(3) Å, c = 5.222(3) Å, α =
β = 90◦, γ = 120◦. R: 0.048. S: 1.215.

Site x y z Occupancy U (Å2)

Sr 1a 0.0000 0.0000 0.0000 1 0.0079(6)
Ir 2d 0.3333 0.6667 0.5000 1 0.0127(10)
O 6k 0.378(3) 0.378(3) 0.296(4) 1 0.015(3)
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integrated intensities of the two peaks shows that they are
almost the same for NaIrO3, but for SrIr2O6−δ , the one at
higher energy is about 11% smaller than that at lower energy.
Supposing that this difference is due to the existence of Ir4+

whose spectra follow the one for Na2IrO3, we estimate that the
content of Ir4+ is about 25%. Since no obvious disorders have
been found in the SC-XRD data, we suspect that the origin of
Ir4+ in our system is associated with the presence of oxygen
vacancies, which are rather insensitive to the x-ray diffrac-
tion. The amount of Ir4+ corresponds to about 4% oxygen
vacancies (δ ≈ 0.04), supposing one oxygen vacancy creates
two Ir4+.

We calculated the band structure of SrIr2O6 by the DFT+U
method [46–48] to understand its basic electronic properties.
An effective exchange parameter Ueff = 1.5 eV was found
to quantitatively explain the experimental results as shown
below and is also consistent with previous reports on some
other iridates [49,50]. The first Brillouin zone, the band struc-
ture, and the density of states (DOS) are shown in Fig. 1(d).
Our calculations show that the states from −8 to 6 eV are
dominated by Ir-5d and O-2p orbitals, and the splitting gap
between t2g and eg is about 2 eV. Moreover, the system is
an insulator with a band gap ∼0.18 eV. As already known
[4–7], the octahedral crystal field of IrO6 and strong SOC
effects result in a high-energy j = 1/2 doublet and a low-
energy j = 3/2 quartet. Therefore, for Ir5+, the system has
the fully occupied j = 3/2 and empty j = 1/2 states and
thus should not exhibit magnetism, as shown in NaIrO3 and
Sr3CaIr2O9 [51].

The temperature dependence of the resistivity is consis-
tent with the above calculated results, as shown in Fig. 2(a).
The high-temperature data (>300 K) shows a gap behavior,
i.e., ρ ∝ exp(−Eg/2kBT ), as shown in the inset of Fig. 2(a).
The fitting gives a gap value of ∼0.175 eV, which is close
to the calculated one. At low temperatures, the temperature
dependence of the resistivity can be described by the variable-
range-hopping (VRH) theory [52], where the low-temperature
conduction is determined by the activated hopping between
the localized states near the Fermi level. Accordingly, the
conductance σ is proportional to exp[−(T0/T )1/2], where T0

is a characteristic temperature, as shown by the dashed lines
in Fig. 2(b). The power of 1/2 may come from the existence
of the Coulomb gap in the localized states due to electron-
electron interactions [52]. Fitting the data with this expression
gives the values of T0 for the current within the ab plane and
along the c axis as about 5400 and 3600 K, respectively. Ac-
cording to the VRH theory [52], T0 = 2.8e2/4πεε0akB, where
e, ε0, ε, and kB are the electron charge, vacuum permittivity,
relative permittivity, and Boltzmann constant, respectively.
Here a is the radius of localized states near the Fermi level,
so we have εa = 8.7 nm within the ab plane and 12.8 nm
along the c axis. These large values of radius closely resemble
those of donor electrons in doped semiconductors [37,38] and
are consistent with the random but long-ranged interactions
between the magnetic moments.

Figure 2(c) gives the temperature dependence of the mag-
netic susceptibility χ . The data above 50 K can be fitted by
the Curie-Weiss function with χ = C/(T − θ ) + χ0, where
A, θ , and χ0 are the Curie constant, Curie temperature, and
backgrounds, respectively. Along both directions, θ is about

FIG. 2. (a) The temperature dependence of resistivity ρ. The
inset shows that the high-temperature data can be fitted by a gap func-
tion as described in the main text. The solid line is fitted by the gap
function. (b) The T −1/2 dependence of conductivity σ . The dashed
lines are fitted results for the low-temperature data as described in the
text. (c) The temperature dependence of the magnetic susceptibility
χ = M/H at 0.1 T. The inset shows the temperature dependence of
χ−1 after subtracting a constant background. The dotted lines are the
fitted results of the linear function. (d) The temperature dependence
of χ with the log-log scale. The solid lines are fitted by the T −α

function. The data below 1.8 K have been normalized to those above.
The inset shows the M-H curve at 0.4 K for H//c with the data
above 1 T fitted by the B1−α function (solid line) [35]. (e) The
temperature dependence of the specific heat. The solid line shows
normalized specific heat of SrSb2O6 as described in the text where
T has been replaced by bT . (f) The temperature dependence of the
magnetic specific heat. The solid line is fitted by AT −0.5, where A is
the temperature-independent parameter.

–27 K, suggesting the interactions are dominated by the AFM
exchanges. The effective moments μeff are 0.46 and 0.63 μB

for the field within the ab plane and along the c axis, respec-
tively. These small values are consistent with the estimated
amount of Ir4+ with S = 1/2, as shown above. The value of
χ0 for the field within the ab plane and along the c axis is
4.5 ×10−4 and 2.8 ×10−4 emu/mol, respectively, suggesting
a large Van Vleck contribution. At low temperatures, χ ex-
hibits a power-law temperature dependence, i.e., χ ∝ T −α ,
as shown in Fig. 2(d). Fitting the data below 2 K gives α

equal to 0.62 and 0.67 for H//c and H//ab, respectively.
Alternately, fitting on the high-field M-H curve shows that
α = 0.6, consistent with the result from χ (T ).

Figure 2(e) shows the specific heats of SrIr2O6−δ and its
isostructural nonmagnetic compound SrSb2O6 at zero field.
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FIG. 3. (a) The crystal structure of SrIr2O6 with one oxygen
vacancy in a 2 × 2 × 2 supercell. (b) Schematic view of Ir frame-
work with magnetic moments (in μB) obtained from first-principles
calculation.

The phonon part of the specific heat in the former, CIr
ph, can

be obtained from that of the latter, CSb, by simply introducing
a renormalization factor b for the temperature, i.e., CIr

ph(T ) =
CSb(bT ). Here b is calculated to be about 0.841 based on the
molar mass of the two samples with no manual adjustment
[53], i.e.,

b =
[

M3/2
Sr + 2M3/2

Ir + 6M3/2
O

M3/2
Sr + 2M3/2

Sb + 6M3/2
O

]1/3

, (1)

where MSr, MIr, MSb, and MO are the atomic mass of Sr, Ir,
Sb, and O, respectively. The overlap at temperatures larger
than about 50 K suggests that this method correctly obtain
the phonon contribution to the specific heat in SrIr2O6−δ . The
magnetic specific heat can thus be obtained by subtracting
this part from the total specific heat, as shown in Fig. 2(f).
The low-temperature specific heat roughly show T −0.5 be-
havior, but there are small features that deviate from this
simple temperature dependence, which is reasonable for a
RSP since the power-law DOS of the randomness is an ap-
proximation [34,35]. A broad hump also appears at around
15 K, which typically marks the temperature where the short-
range correlations of spins for a 2D system are built up and is
consistent with the absolute value of the Curie temperature θ

obtained above. Accordingly, the magnetic entropy is about
1.6 J/mol K, which is about 0.27Rln2. This value is very
close to the estimated content of Ir4+. Moreover, the effective
moment from these spins will be 0.47 μB (for g = 2), which
is also close to the experimental values obtained from the
magnetic-susceptibility measurements. Of course, the actual
case for the moments may be more complicated, as discussed
later in our theoretical calculations.

As suggested by the VRH behavior of the resistivity, there
should be disorders in our sample that result in the localized
states near the Fermi level. These disorders are most likely
the oxygen vacancies, whose content is about 4% as discussed
above. As shown in Fig. 3, with oxygen vacancies, the crys-
tal field surrounding each Ir would be transformed from an
octahedron to a square pyramid shape, so that the t2g orbitals
may further split into a lower doublet (including dxz and dyz)
and a higher singlet dxy. Two local Ir5+ ions become Ir4+ with
5d5 configuration, such that the dxz and dyz orbitals are fully
filled and the dxy orbital may be half-filled, introducing local
magnetic moments.

FIG. 4. (a), (b) The temperature dependence of C/T for H//ab
and H//c, respectively. The dashed lines are guides to the eye. Here
the phonon contributions are not considered, as they are negligible
in this temperature range. (c), (d) The scaling behavior of C(T, H )
for H//ab and H//c, respectively. The dashed lines are guides to the
eye.

We performed the first-principles calculation to reveal such
a scenario. In Fig. 3(a) we consider a 2 × 2 × 2 supercell with
one oxygen vacancy such that two Ir atoms connected by the
oxygen atom become square pyramid surrounding. Indeed,
the magnetic moment emerges mainly for Ir4+ ions and their
in-plane neighbors [Fig. 3(b)]. In fact, we may even quanti-
tatively compare the experimental and theoretical results. The
effective content of the oxygen vacancies is 4.16%, since an
oxygen vacancy has no effect on adjacent layers. The induced
total moment is 1.88 μB, corresponding to 0.94μB/Ir4+. This
value is very close to the magnetic moment of a spin 1/2 with
g = 2 and thus gives rise to an effective moment of about
0.43 μB/Ir for with 25%Ir4+, very close to the experimental
values. The small values of the effective moments and mag-
netic entropy have also been observed in many iridium oxides
with 5d4 configurations, which have raised many interests and
debates [54–63]. Here in SrIr2O6−δ , our analysis based on
oxygen vacancies gives a natural explanation of the origin of
its magnetism.

The ground states of the magnetic system in SrIr2O6−δ can
be revealed by the low-temperature specific heats as shown
in Figs. 4(a) and 4(b). At zero field, the C/T shows T 1−γ

behavior at low temperatures, with γ equal to about 0.5.
The suppression of the specific heat at low temperatures by
the magnetic field for H//c is more significant than that for
H//ab, which is consistent with χc > χab. Figures 4(c) and
4(d) show that all data fall onto one curve when they are
plotted as B0.5C/T vs T/B. In other words, a single-parameter
scaling can describe the field effects on the specific heats in
SrIr2O6−δ [34,35].

Based on the above results, we conclude that the magnetic
ground state in SrIr2O6−δ is the RSP, which is the first kind
in Kitaev materials. The major evidences for the existence of
the RSP include that the magnetic susceptibility and specific
heat at zero field follows power-law temperature dependence,
i.e., χH→0 ∝ T −α and C(H = 0) ∝ T 1−γ , and more impor-
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tantly, the scaling behavior of the specific heat under field, i.e.,
C/T ∝ H−γ Fq(T/H ), which have been treated as the funda-
mental properties of the RSP [34,35]. We note the comparison
between the doped semiconductors showing the RSP [37,38]
and the SrIr2O6−δ system also bears interesting similarities.
Both electronic systems are gapped while significant local
states exist near the Fermi levels. In the former, the local
states come from random donor electrons whose large radius
a results in the long-range exchange coupling J that leads
to the RSP. In SrIr2O6−δ , the radii of local electrons near
the Fermi level, which should be associated with oxygen
vacancies, are also large, as suggested by the VRH behav-
ior. These similarities may explain the origin of the RSP in
SrIr2O6−δ . Another factor for the formation of singlets may
be the tendency of dimerization in this compound, which
competes with magnetic order and Kitaev spin liquid states
as in LiRuO3 and α-Li2IrO3 under pressure [20,64]. Never-
theless, the origin of RSP in SrIr2O6 can only be answered
in the future by establishing a random spin model and find-
ing the quantum many-body states therein by solving this
model.

A unique feature for the RSP in SrIr2O6 is that the val-
ues of α in the magnetic-susceptibility scaling and γ in the
specific-heat scaling are not the same, which contradicts with
the simple predicted properties of a RSP [34,35]. We note that
there is strong SOC in our system, which may give rise to
this discrepancy. The effects of SOC can be indeed seen in
the low-temperature behavior of BγC/T , which shows (T/B)q

dependence [Figs. 4(c) and 4(d)]. Theoretically, it has been
argued that the value of q is associated with the SOC and anti-
symmetric Dzyaloshinskii-Moriya spin exchanges [35]. Here
the values of q are about 1.5 for both field directions, which
may come from combinations of different cases. Moreover,
the fact that there should be bond-directional interactions in
this material may also have significant effects in its magnetic
properties [54]. With all these findings, our results offer an-
other honeycomb iridate member to the family of iridates and
Kitaev materials, and reveal the fact that the SOC quantum
magnets can not only give rise to exotic magnetic order,
quantum spin liquid, but also the RSP. In the future, it will be
of great interests to the investigate the possible competition
and collaboration of these phases in the iridates and Kitaev
materials.
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