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The orthorhombic perovskite iridate Srlrg.sSng.2O3 is reported to be a new candidate of Slater in-
sulator at low temperatures. Here, we present optical spectroscopy measurements on SrlrgsSng.2O3s
at different temperatures (7') across the paramagnetic-antiferromagnetic phase transition. The low
energy reflectivity decreases with reducing 7. Six phonon peaks in the spectrum at low 7" are visible
at room temperature, indicating the absence of crystal structure phase transition from 300 K to 10
K. The real part of conductivity spectra oi(w) are obtained by employing the standard Kramers-
Kronig transformation. In the paramagnetic state at room temperature, o1 (w) reaches a limiting
value as w — 0, implying an electrical conducting state. Upon decreasing T, the low frequency
01(w) decreases and approaches zero with a concomitant opening of a direct gap. Detailed analysis
of the low energy data shows that the gap opening is continuous and o1(w) at the low energy gap

edge follows an unusual w'/?
Slater insulators, such as NaOsOs.

The metal-insulator (MI) transition is one of the most
important phenomena in the condensed matter physics
and has attracted much attention over half a century.
Various mechanisms have been proposed to drive a para-
magnetic conducting system into an insulating phase,
such as the Mott MI transition [1] and Slater MI tran-
sition [2], etc. In the Mott MI transition, the Coulomb
blocking due to the on-site electron-electron correlation
(EEC) causes the opening of the Mott gap and the local-
ization of the electrons. There are no coherent band-like
excitations [1, 3, 4]. An antiferromagnetic (AF) order
usually develops by the exchange coupling of the local
moments in the Mott insulator. The Slater MI transi-
tion, on the other hand, is expected from an itinerant
picture in an AF environment. In the Slater transition,
an electron of spin up has lower potential energy in the
atoms with net spin up than in those with net spin down.
Consequently there is an periodic alternation of potential
from the atoms with one net spin to those with the other.
Taking into account the perturbation of the Hartree-Fock
potential, the energy difference will split the band into
two: a lower and a higher subband separated by a band
gap [2]. For a half-filled band, the lower subband will be
completely filled and the higher band empty, 7.e. the AF
order alone could produce an insulating state by doubling
the unit cell [2]. Consequently, the Slater MI transition is
continuous and of second order without crystal structure
transition, but with a segregation of itinerant electrons
of opposite spins. An important difference between a
Slater AF insulator and a Mott AF insulator is there are
quasiparticle band excitations in the former, while in the
latter case there are no coherent quasiparticle excitations

[5].

The Slater model was applied to explain the insu-

dependence at low temperatures which is remarkably similar to other

lating state in certain one-dimension situations in the
original work [2]. Although the lack of two-dimensional
Slater insulator has been discussed in theoretical calcula-
tions [6], the possibility of Slater MI transition in three-
dimensional compounds has been proposed in Os based
oxides [7-11]. The underlying mechanism remains how-
ever controversial due to the extremely rareness of the
samples. Furthermore, due to the essentially identical
order parameter, the two models are difficult to distin-
guish clearly amid the interplay of EEC, crystal field and
spin-orbital coupling(SOC) effect, and await for more in-
depth experimental studies.

The 5d transition-metal oxides have emerged as an
important system for studying the MI transition. The
SrolrOy4 is an AF insulator and a candidate correlated
electron material for 5d transition-metal oxides [4]. Cer-
tain Os based oxides might undergo the Slater MI tran-
sition [7-11]. The orthorhombic perovskite SrIrOg with
the space group Pbnm is a paramagnetic metal, possibly
a doped Dirac semimetal [12], which is believed to sit very
close to the MI transition. An enhancement of the ther-
moelectric power showing a peak at about 175 K could
be attributed to the SOC effect [13]. Recently in the
Sn-substituted samples Srlr;_,Sn, O3, a paramagnetic
to AF transition is observed in the temperature depen-
dence of the susceptibility, which is accompanied by a si-
multaneous change of the electrical transport property in
the resistivity curve [13]. For Srlrg gSng 203, the critical
temperature T 5 of paramagnetic to AF insulating phase
transition is about 275 K, below which a Bragg peak cen-
tered at Q = 1.377(5)A is observed by neutron powder
diffraction [13]. Further analysis shows that the peak rep-
resents G-type AF ordering in the Pbnm structure, i.e.
a reduced structural symmetry in the magnetically or-
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FIG. 1: The top figure is a plot of the frequency dependence of
reflectivity R(w) at 300 K, 250 K, 200 K, 140 K, 70 K and 10
K, respectively. The bottom one displays the phnonons in the
far-infrared region at different temperatures in an enlarged
scaling.

dered phase. Based on these observations Srlr;_,Sn, O3
was inferred to as a new Slater insulator [13]. Since the
EECs are also important in this system, further studies
are needed to characterize this possible Slater insulator.

Optical spectroscopy is a powerful tool to probe the
bulk electronic structure and dynamics near the Fermi
level. In this paper, we report low-energy optical absorp-
tion studies of SrlrggSng 203, covering the whole tem-
perature range from a poor conducting state above the
AF transition to an insulating state at low temperatures.
The material shows the sharpest phase transition peak in
the specific heat curve, implying the purest phase states
[13]. The measured real part of the conductivity spec-
tra in the infrared region show that the optical conduc-
tivity decreases significantly but does not vanish when
w — 0 at 250 K, a temperature slightly smaller than
critical temperature Tpx. Further analysis reveals that
the sample is in the conducting state at room temper-
ature and the MI transition is continuous. In the AF
insulating state, we find that the onset of the real part of
the conductivity has the power-law behavior (w — E4)®
near the low-energy edge, which is indicative of quasi-
particle interband excitations across the insulating gap
induced by the AF long-range order. Our findings sup-
port that SrlrggSng 203 possess a Slater AF insulating
ground state driven by itinerant spin-orbital magnetism
in a 3D 5d transition metal oxide.
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FIG. 2: (Color online) The real part of optical conductivity
o1(w) at 300 K, 250 K, 200 K, 140 K, 70 K and 10 K, re-
spectively. The inset: Fitting the frequency dependence of
o1 at 300 K. The solid black line represent the raw data and
the green circles are the fitting result using the localization
modified Drude-Lorentz model.

Because single crystals of Srlrg.gSng 203 are not avail-
able, we performed the optical study on high density
polycrystalline samples prepared under 6GPa and 1000
°C as described in Ref. [13]. The optical reflectance
R(w) was measured from 50 cm ™! to 25000 cm ! at dif-
ferent temperatures on a Fourier transform spectrometer
(Bruker 80v). The frequency-dependent optical conduc-
tivity o(w) was derived employing the standard Kramers-
Kronig transformation. We use Hagen-Rubens relation
at high temperatures and/or constant at low temper-
atures for the low frequency extrapolations of the re-
flectance data. We found that the different low-frequency
extrapolations do not affect the conductivity spectra in
the measured frequency region. On the high frequency
side, the measured reflectance curve is extrapolated con-
stantly to 80000 cm ™', above which a well-known func-
tion of w™* is used.

The reflectivity spectra at various temperatures are
plotted in the top panel of Fig. 1. There are many
phonon peaks in the low frequency region of the spectra
(the bottom one in Fig. 1). All phonons in the low tem-
perature spectra are still visible in the room temperature
spectrum. The low frequency reflectivity decreases with
sample cooling. Excluding the phonon contributions, all
R(w) monotonously decreases with increasing frequency.
The curves cross near 2000 cm~! and then merge to-
gether above 6000 cm~!. Fig. 2 is a collection of the real
part of the optical conductivity o1 (w), which decreases
at the low frequency as the sample is cooled from 300 K
to 10 K, consistent with the temperature dependence of
the dec resistivity [13].

The conductivity spectra display a T-independent
inter-band transition peak at about 8000 cm~! (~ 1
eV) in Fig. 2. According to band calculations of SrIrOj
[12, 14, 15], the 5d bands should be split into twelve
low energy to, bands and eight high energy e, bands by
the IrOg octahedral crystal field. The twelve ta, bands



further split into low-lying fully occupied Je.;; = 3/2
and high-lying half-filled J.;; = 1/2 states by the strong
SOC. The calculation shows that the splitting between
the Jeys = 1/2 and J.yy = 3/2 bands increases with the
SOC increasing. Considering the higher SOC energy in
SrlrggSnp.203 than that in SrIrO3[13], this 8000 cm~*
peak could be attributed to the contribution of the in-
terband transition from occupied Jesy = 3/2 bands to
unoccupied Jery = 1/2 ones or occupied Jepr = 1/2
bands to unoccupied e, bands, which hybridize with O
2p bands [12, 14].

Now we focus on the low frequency region in the spec-
tra of the real part of the conductivity. In the low-energy
spectrum at room temperature, the real part of the opti-
cal conductivity in Srlrg.gSng 2 O3 is nonzero. In addition
to the phonon features, o1 (w) slowly increases with w in
the far-infrared region and reaches a maximum between
800 cm ! and 4000 cm~!. Here a sum of interband tran-
sition contribution and a broad Drude contribution could
possibly fit the low-energy spectrum. On the other hand,
this behavior can be and is usually considered as result-
ing from the localization of the electron wavefuction for
the conducting carriers. Such a behavior has also been
observed in other poor conductors such as CagOspO7 [11]
and polymer conductors [16]. In those conductors, local-
ization modified Drude model (LMD) in the framework
of the Anderson Mott localization theory is widely used
to fit the real part of optical conductivity:

2
_ W T B C
oLup(w) = 4 (1 + w?7?) L (kpvp)?72
C
T (3)V/2 1
(kaF)27'3/2( w7, (1)

where w), is the plasma frequency, kr and vp are the
Fermi wave vector and Fermi velocity with 7 the relax-
ation time. e is the high energy dielectric constant and
C is a material independent constant of order unity. In
view of the not very low resistivity of 1072 Ohm~tcm ™!
which is in the bad metal region and for simplicity, we
use the LMD model alone to fit the low-energy data. The
inset of Fig. 2 shows that the sum of the LMD and two
Lorentz peaks could fit the 300 K spectrum well below
20000 cm ! with w, ~ 8800 cm~! and 7 ~ 1.04 x 10~
s. The life time is about one order of magnitude smaller
than that of metals (7 > 10713 5), suggesting a localiza-
tion modified itinerant behavior of the charge carriers at
room temperature, i.e. a poor metallic state. The value
of the parameter kpf, where ¢ = 7vp is the mean free
path, can be estimated using 7kpvp/C. For that 300 K
data, we found that kg is about 1.1, which is greater
than 1 and puts the material on the metallic side of the
metal-insulator transition in terms of Ioffe-Regel criterion
kpl ~ 1.

The lack of an insulating charge gap in the optical con-
ductivity at temperatures 7" > T and the presence of
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FIG. 3: (Color online) The upper panel: The low energy
region of the o1(w) spectra at T<Tprr. The inset shows
the data plotted as the square of the conductivity to display
the square root dependence more clearly. The dashed line of
o1(w)ox(w—E,)/? for each temperature is the expected theo-
retical frequency dependence of the gap edge in Slater model.
Below the gap edge, a linear fit is used for each data. The
crossing of the two fitting lines could be taken as the mea-
surement of the direct gap energy. The measurement results
are shown in the lower panel.

the itinerate carriers are consistent with the prerequisite
of Slater MI model. Thus, the AF insulating state at T
< T'n should be considered as a Slater insulator. This is
in contrast to the n = 1 limit of the Ruddlesden-Popper
series Sry4+11r, 03,41, the layered SrolrO4 which shows
high and activated resistivity in the paramagnetic phase
above Ty [17], suggesting an AF Mott insulating ground
state [18]. Tt is instructive to consider a simplified picture
where the series is viewed as effective Mott-Hubbard sys-
tems for the spin-orbit coupled quasiparticles occupying
a narrow Jesr = 1/2 band around the Fermi level. The
EEC is represented by the Hubbard U and the band-
width W. Increasing U/W, we expect an AF order at
Uar accompanied by the doubling of the unit cell and a
Mott transition at Upseys characterized by the opening of
a charge gap [5]. Thus we expect that U > Unsorr, Uar
in SrolrQy4, such that melting the AF order reveals the
Mott insulator with a charge gap above Thx. On the
other hand, for the 3D SrIrO3, the paramagnetic metallic
ground state suggests U < Upsott, Uar, i.e. the metallic
side of the both the Mott and the AF transition. Frac-
tional substitution of Ir** by Sn** causes a narrowing
of the Jeyy = 1/2 band and thus an increase in the ef-
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FIG. 4: (Color online) Effective spectral weight vs cutoff fre-
quency for temperatures from 300 K to 10 K.

fective interaction strength U/W[13]. Tt is thus conceiv-
able that our findings put SrlrggSng2Og3 in the regime
Uar < U < Upgout, realizing a Slater AF insulator with
a poor metallic state above Th. Within this picture, in-
creasing the EEC (U/W) further can in principle realize
the Mott transition inside the AF ordered state proposed
theoretically [5].

Next, we turn to the properties of the low-temperature
AF insulating state. When the temperature is reduced
across the critical point Tx to below 250 K, the low
frequency o1 (w) gradually (Fig. 2) decreases and is al-
most zero below 140 K, suggesting a continuous metal-
insulating transition and a gap opening. In the crossover
region at 250 K, the gap is small. Upon decreasing tem-
perature further, the gap becomes larger due to the grad-
ual development and then completion of the magnetic
phase transition. Meanwhile, the spectral weight con-
tributed by the interband transition crossing the new
gap gradually dominates the spectra. The peak center-
ing above 2000 cm ™! comes from the contribution of the
interband transition crossing the new opened gap and its
maximum shows a continuous blue shift (Fig. 2) until 70
K. In the insulating state, the conductivity below the gap
can be best described with a linear dependence

o1(w) =mw + ¢, for w < Ey (2)

and the spectrum near the onset of the low-energy gap
edge follows

o01(w) = A(w — Ey)?, for w > E, (3)

The intragap conductivity is due to the contribution from
thermally excited carriers across the insulating gap. The
function (3) is typical of the direct interband transition
in a semiconductor with a band gap E, [19]. Our best
fitting yields o ~ 1/2 as shown in upper panel of Fig. 3.
Note that such a frequency dependence at the low-energy
gap edge is different from that of the 5d AF Mott insula-
tor SraIrOy4 [4]. Tt is however expected for a Slater anti-
ferromagnet [2, 20] because of the coherent quasiparticle

interband excitations and has indeed been confirmed in
NaOsO3[19], where an E~'/? divergence in the density
of state N(E) has been argued to produce a real part
of conductivity oy that grows with E'/2 above the band
gap.

The (w— E,)'/? behavior is also recognizable at higher
temperatures, although it becomes difficult near and
above 250 K. We define the direct gap energy 2A by the
crossing point of the linear-w dependent line and the w'/?
function. The temperature dependence of normalized en-
ergy gap is plotted in the lower panel of Fig. 3, which
shows clearly that 2A opens at T and tends to saturate
at low temperatures to 2A¢ ~ 700 cm™" (~ 0.087 eV).
The lower panel of Fig. 3 shows the continuous evolu-
tion of the extracted insulating gap 2A with decreasing
temperature. Remarkably, the gap opens at a metal-
insulator transition temperature Ty ~ 275 K, which
coincides with the AF transition temperature Tx. More-
over, the gap-to-temperature ratio 2A¢/kgTn ~ 3.18,
close to the BCS value for superconductivity in the weak-
coupling limit. These findings provide further support
that the AF transition is of the Slater type.

The continuous opening of the spectral gap can also be
revealed by the variation of the effective spectral weight
Nesp(w)=120/7 [;" o1(w')dw’ since it is well known that
Ness(w) is proportional to the number of carriers par-
ticipating in the optical absorption up to the cutoff fre-
quency w. For a Slater MI transition, the continuous
opening of the gap will reduce the density of conducting
carriers. Therefore a gradually lost of spectra weight in
the low energy region is expected as T' is decreased from
room temperature to 10 K across the AF transition tem-
perature Tn. The obtained Nsr(w) are plotted in Fig.
4 at different temperatures. A large reduction of Ngyy
is observed in the intragap region and compensated at
higher energy with decreasing temperature, while Ngy
spectra merge together above 4000 cm~'. The reduction
in the integrated spectral weight N.s¢(w) at low-energy
reveals the conducting carriers are gapped out by the
continuously opening of the insulating gap. The carri-
ers in a wide energy range of the order 10A are involved
in the MI transition. The continuous decreasing of the
low frequency o1 (w) and the continuous variation of the
effective spectral weight are inconsistent with those as-
sociated with the Mott MI transition which is generally
believed to be discontinuous.

To shed light on wether the above variation of the
spectral weight is related to a crystal structure transi-
tion, we checked the phonon response in the spectra. In
the far-infrared region, the six phonon peaks at 148.8
em~!, 250.6 cm~ !, 290.3 cm™ !, 357.0 cm ™!, 563.9 cm !,
and 655.0 cm ™! in the 300 K optical conductivity spec-
trum in Fig. 2, which are zoomed in in Fig. 5, can also
be seen at all lower temperatures. No phonon disap-
pearance or any new phonon peaks emerging could be
distinguished upon crossing the MI transition, implying
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FIG. 5: The phonons in the real part of optical conductivity
spectra at 300 K, 250 K, 200 K, 140 K, 70 K and 10 K
in the far infrared frequency region, respectively. The black
arrow shows the moving of 357 cm™' with T varying.

the absence of abrupt crystal structure phase transitions
with the sample is cooled down to 10 K in both R(w)
and o1(w). The absence of structural transition is also
consistent with the continuous nature of Slater MI tran-
sition. The phonon peaks become more pronounced with
decreasing T, but the position is almost temperature in-
dependent except for the 357.0 cm™! mode which grad-
ually moves to 385.0 cm~! as T decreases to 10 K as
marked by the arrows in Fig. b5, indicating the corre-
sponding bond shrinking in the crystal structure [21]. As
discussed in Ref.[13], SrIrg.sSng 203 has an orthorhombic
perovskite structure with the space group Pbnm. Similar
to the other orthorhombic perovskite structures [22], the
357 cm ™! phonon mode could be assigned to the O-Ir-O
deformation vibrations. Our observed blue shift of the
357 cm~! phonon peak should correspond to a continu-
ous shrinking of O-Ir-O bond and not to a crystal struc-
ture transition. Usually for the Slater model, a second-
order MI transition without crystal structure transition,
a collinear-antiferromagnetic ground state and a distinct
w'/? of the real part of the conductivity at the gap edge
are simultaneously expected [2, 19, 20]. Our comprehen-
sive optical results thus support the conclusion that MI
transition in Srlrg gSng 203 is of a Slater type.

In conclusion, we reported optical reflectance investi-
gations of Srlrg gSng203. Our results revealed that the
sample evolves from a poor conductor to an insulator as
T decreases across the AF transition, below which an
energy gap is observed to develop in the optical mea-
surements. Along with the gap opening, the spectral
weight in the low frequency region is transferred to the
higher frequency region. The continuous opening of the
gap without any phonon emerging and/or annihilated to-
gether with a w!/? dependence of the conductivity in low
energy gap edge are consistent with a Slater type MI
transition.
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Note: After completing this work, we became aware of

an independent optical study on the charge dynamics of
Srlry—,Sn, O3 [23].
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