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Abstract
High-temperature superconductivity in cuprates emerges upon doping the parent Mott insulator. Key features of the low-doped cuprate
superconductors include an effective carrier density that tracks the number of doped holes, the emergence of an anisotropic pseudogap that is
characterized by disconnected Fermi arcs and the closure of the gap at a critical doping level. In Sr IrO , a spin–orbit-coupled Mott insulator often
regarded as a 5d analogue of the cuprates, surface probes have also revealed the emergence of an anisotropic pseudogap and Fermi arcs under
electron doping. However, neither the corresponding critical doping nor the bulk signatures of pseudogap closure have yet been observed. Here we
demonstrate that electron-doped Sr IrO  exhibits a critical doping level with a marked crossover in the effective carrier density at low
temperatures. This is accompanied by a five-orders-of-magnitude increase in conductivity and a sixfold enhancement in the electronic specific
heat. These collective findings resemble the bulk pseudogap phenomenology in cuprates. However, given that electron-doped Sr IrO  is non-
superconducting, it suggests that the pseudogap may not be a state of precursor pairing. Therefore, our results narrow the search for the key
ingredient underpinning the formation of the superconducting condensate in doped Mott insulators.

Editor's Summary

The pseudogap in cuprates is often linked to superconductivity. Now bulk evidence for a pseudogap is found in doped non-superconducting
Sr IrO , revealing that pseudogaps in doped Mott insulators are not necessarily a precursor to superconductivity.

Main
There are two principal pathways along which a system of itinerant electrons approaches a Mott state[ 1 ]. When the interactions are predominantly
local, a paramagnetic Fermi liquid survives up until the metal–insulator transition, albeit with a divergent quasiparticle mass. This type of transition is
observed, for instance, in Sr-doped LaTiO  (ref. [ 2 ]). The alternative transition to the Mott state is characterized by a vanishing carrier number and a

non-diverging quasiparticle mass. This scenario is believed to be realized in the high-T  AQ1 cuprates[ 3, 4 ], although the oxygen 2p states render the
system a charge-transfer insulator. Moreover, the electronic states in cuprates are k-space differentiated such that mobile carriers are found only near
the zone diagonals, due to the presence of an anisotropic pseudogap (PG) that removes low-energy spectral weight preferentially near the zone edges
and breaks the underlying Fermi surface into a series of disconnected ‘Fermi arcs’[ 5 ]. AQ2 AQ3 AQ4 AQ5 AQ6 AQ7

Since its discovery[ 6 ], the precise phase extent and phenomenology of the PG have been a subject of intense scrutiny and debate, although a
consensus is beginning to emerge, that of an anisotropic, states-non-conserving gap whose amplitude diminishes linearly with hole doping (p) and
collapses at a critical doping p* deep within the superconducting phase boundary[ 7, 8 ]. Understanding the origin of PG formation is widely regarded
as a key step in the elucidation, not only of the Mott transition in cuprates, but also of the pairing mechanism for high-T  superconductivity. Indeed,
experimental and theoretical studies have long proposed that the PG is a signature of precursor pairing[ 9, 10 ]. Other models incorporating non-local
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interactions, such as cluster dynamical mean-field theory[ 11 ] or the dual fermion approach[ 12 ], attribute both PG formation and electron pairing to
the presence of short-range spin correlations that persist beyond the doping level at which antiferromagnetic (AFM) order is destroyed. Recent
measurements of the Hall effect[ 13, 14 ] and specific heat[ 15 ] found evidence for an abrupt change in the carrier density (n) and electronic specific
heat coefficient (γ) near p*, prompting suggestions that the PG may terminate at a quantum critical point. Although other transport and thermodynamic
properties are yet to be captured within such a scenario[ 16 ], this prospect has nonetheless motivated the discovery of a multiplicity of competing
orders within the PG regime and, more broadly, the search for related phenomena in layered materials that exhibit similar attributes to the cuprates. In
this regard, the single-layer iridate Sr IrO  has proven to be an excellent case study.

Sr IrO  is isostructural to the archetypal cuprate La CuO  (albeit with a distorted array of IrO  octahedra) and features a single half-filled electronic
band with AQ8  J  = 1/2 relevant for its low-energy excitations[ 17 ]. The undoped compound is an AFM Mott insulator due to the strong spin–orbit
coupling of Ir 5d orbitals, which cooperates with the moderate Coulomb interaction to realize a Mott state. Upon ∼4% electron doping, the
antiferromagnetism is destroyed[ 18 ] although short-range spin correlations persist to much higher doping concentrations[ 19, 20, 21, 22 ]. Surface-
sensitive probes have revealed a PG state with striking similarities to that found in the cuprates, including a suppression of spectral weight around the
zone edges and a d-wave energy gap by angle-resolved photoemission spectroscopy (ARPES)[ 23, 24, 25 ] and a V-shaped PG coexisting with a U-
shaped Mott gap by scanning tunnelling microscopy[ 26 ]. As a result, Sr IrO  has been considered as a close 5d analogue of the high-T  cuprates.
Several theoretical studies[ 27, 28, 29 ] have predicted unconventional superconductivity under sufficient electron doping. As of now, however,
superconductivity has not been confirmed. Moreover, a systematic investigation of the transport and thermodynamic characteristics of electron-doped
Sr IrO , which is essential for understanding the nature of PG in this 5d Mott insulator, has been lacking.

Here we report transport and specific heat measurements on a series of Sr La IrO  single crystals covering a wide range of La doping (0 ≤ x ≤ 0.20).
The evolution of the electronic ground state with carrier doping reveals striking parallels in the iridates and cuprates, which allowed us to identify the
critical doping level at which the PG closes in Sr La IrO . The absence of superconductivity in the iridates not only enables its electronic ground
state to be studied down to low temperatures and magnetic field strengths, but also emphasizes the disparate nature of the PG and superconducting
ground states.

Electrical transport
Figure 1  shows the Hall resistivity ρ  measured for an extensive series of Sr La IrO  crystals. The substitution of Sr  by La  introduces one
additional electron per unit formula. As such, the La content x corresponds to the nominal electron doping on the Ir  ion. We found that ρ  was

negative and varied linearly with the magnetic field (H), even in field strengths up to 35 T (Supplementary Fig. 1 ), consistent with the expectation that
the doped electrons are solely responsible for the charge transport in Sr La IrO . For a material with a single type of charge carrier and an electron
mean-free-path ℓ that is isotropic in k-space, the magnitude of the Hall coefficient R  is set by the Hall carrier density n : AQ9 AQ10

and is independent of the magnitude of ℓ, that is the level of disorder. Here, e is the elementary charge. At a fixed low temperature T = 30 K, ∣ρ ∣ and
∣R ∣ decreased by more than two orders of magnitude as x was increased from x = 0 to x ≈ 0.20 (Fig. 1a–c ). Given the lack of any nonlinearity in
ρ (H) that might indicate the presence of two carrier types (electrons and holes), this marked decrease in ∣R ∣ most naturally reflects a substantial
increase in the number of itinerant carriers upon electron doping. In addition, we observed a qualitative change in the temperature dependence of
R (T) as x was increased beyond a threshold value x  ≈ 0.16. For x < 0.14, ∣R (T)∣ increased monotonically as T decreased, presumably due to an
energy gap at the Fermi level E  and a loss of itinerant carriers as thermal fluctuations were reduced. In contrast, for x > 0.17, ∣R ∣(T) exhibited a
maximum at T ≈ 50 K, below which a modest reduction in ∣R ∣ occurred. The marked increase in n , coupled with the emergence of a non-monotonic
form for R (T), suggests that there was a recovery of the spectral weight at E  and a marked change in the electronic ground state in Sr La IrO
beyond x = x . Moreover, we found a sharp increase in the longitudinal conductivity σ  at low T as x → 0.14 (Fig. 2 ), reaching a plateau that

corresponded to the conductance quantum per IrO  plane, . The subsequent dip in carrier mobility μ  as x was increased beyond 0.17 probably

reflects the enhanced scattering as more carriers became delocalized. Intriguingly, as later shown in Fig. 4 , the effective zero-temperature carrier
density per unit cell volume ∣n ∣V (0) closely tracked n = x up to x ≈ 0.13, above which ∣n ∣V  crossed over to approaching n = 1 + x at x ≈ 0.20, the
maximum La content that can presently be achieved in bulk crystals. Note that this marked crossover in n  is robust and does not depend on the

extrapolation method used (Supplementary Fig. 2 ). This n = x to n = 1 + x evolution of the effective carrier density in electron-doped Sr IrO  across x  
= 0.16 is our first key experimental finding.

Fig. 1

Hall effect in Sr La IrO .

a–c, Magnetic-field-dependent Hall resistivity ρ (H) measured at specified temperatures for x = 0 (a), x = 0.122 (b) and x = 0.196 (c). A negative ρ  that
varies linearly with the applied magnetic field was found for all x and T. Note that ∣ρ ∣ decreases by orders of magnitude as x increases, reflecting the
large increase in the effective Hall carrier density ∣n ∣ induced by La doping. The high noise level for x = 0 at low T is caused by noise in the longitudinal
component of the measured signals in the highly insulating state. d, Absolute Hall coefficient ∣R ∣ as a function of La doping x and temperature T plotted
on a log-linear scale. Dashed lines are linear extrapolations of the R (T) data to the zero-temperature axis. The semi-filled triangle marks the
corresponding R  for an isotropic, fully delocalized J  = 1/2 band at half AQ11 filling.
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Fig. 2

Longitudinal resistivity and mobility of Sr La IrO .

a, ρ (T) for representative x showing a rapid suppression of low-T ρ  with electron doping. For x = 0.035 and 0.10, ρ  data were unavailable due to the
small size of the sample (<400 μm). Dashed lines are fits to the data below 50 K using a variable range hopping model in three dimensions: ρ = ρ  exp

. b, Carrier mobility calculated using μ  = R /ρ  for the same samples shown in a. The grey shaded region is the temperature range in which R
is not available. AQ12  Open symbols at T = 0 were calculated using the extrapolated R (T = 0) and fitted ρ  at 2 K. AQ13  c, Conductivity σ  at 2 K for
all x studied. The horizontal dashed line corresponds to the conductance quantum per IrO  plane, . d, μ  in the T = 0 limit. Both σ (2 K) and μ (0)
show a rapid initial increase as x → 0.14, above which a moderate variation is induced by increasing x. Each data point reflects measurements on a single
crystal. Error bars in x reflect the standard uncertainty in La content from energy-dispersive X-ray (EDX) measurements and error bars in n  reflect the
geometric uncertainty for a given sample.
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Specific heat
Measurements of the specific heat at low T allow us to directly probe the electronic density of states at E  and track its evolution as a function of x.

Figure 3  shows the specific heat C of Sr La IrO  below 20 K, plotted as C/T versus T , measured on small flakes of the same crystals used for the
Hall measurements. Between 10 and 20 K (100 K  ≤ T  ≤ 400 K ), C/T varied approximately linearly with T  with a slope β ≈ 0.43 mJ mol  K ,
consistent with previous reports for polycrystalline Sr IrO  (refs. [ 30, 31 ]) and corresponding to a Debye temperature Θ  ≈ 320 K. To quantitatively
extract the electronic specific heat, we fitted the C/T data between 2 and 5 K (the lowest T window in which an approximately linear-in-T  behaviour
was observed) using:

where γ and β correspond to the electronic and phononic contributions, respectively. For very lightly doped Sr La IrO  with x = 0.012 or 0.036, a
small γ = 0.65–1.4 mJ mol  K  was found (Fig. 3b ), comparable to that observed in pristine Sr IrO  (γ = 1.5 ± 0.5 mJ mol  K ; refs. [ 30, 31 ]). As x
was increased, γ showed a substantial enhancement followed by a sharp drop at x ≈ 0.20. The largest γ was found for x = 0.138 being γ = 9.5 ± 1.4 mJ 
mol  K , approximately one order of magnitude larger than that found for the low-doped material. Note that the nuclear contribution was negligibly
small above 1 K (Supplementary Fig. 3 ). Also note a similar enhancement in the measured C/T at T = 2 and 1 K (Supplementary Fig. 4 ), for which
the phononic contribution is expected to decrease very sharply, implying that our estimate for the doping dependence of γ is robust in the T = 0 limit.
This large enhancement of low-T specific heat centred around x  = 0.16, which coincides with the marked increase in carrier density as summarized in

Fig. 4 , is our second key finding.

Fig. 3

Low-temperature specific heat of Sr La IrO .

a, Specific heat measured in zero applied magnetic field, plotted as C/T versus T , between 1.5 and 20 K. A smooth, monotonic, addenda background was
subtracted from the data shown. The slopes d(C/T)/d(T ) between 10 and 20 K are similar for all x, indicating that the phonon contribution varied little
with La doping. b, Low-temperature region (T ≤ 5 K) for the data shown in a with a vertical shift of 10 mJ mol  K  applied to each x for clarity. Grey
dashed lines are fits made to the data between 2 and 5 K using C/T = γ + βT , and the vertical shadings correspond to the magnitude of zero-temperature
intercepts γ = C/T(T = 0) for each x. A sizeable enhancement of γ at intermediate La doping 0.122 ≤ x ≤ 0.174 was observed.

Source data

Fig. 4

Doping evolution of the Hall number and specific heat in the T = 0 limit.

a, Absolute Hall number multiplied by the unit cell volume ∣n ∣V (0), which is a measure of the effective carrier number per IrO  plane estimated at 0 K,
as a function of x. Each data point is an average of the experimental n  at the lowest measured temperature (20 K for x > 0.06 and 30 K for x < 0.06) and
the extrapolated n  at 0 K (Fig. 1d ). The lower and upper dotted lines correspond to n = x and n = 1 + x, respectively. b, Electronic specific heat

coefficient γ estimated from the extrapolated C/T(T = 0) values. Data at x = 0 are reproduced from previous reports[ 30, 31 ]. Dashed lines are guides to the
eye. A marked enhancement in γ centred around x = 0.16 is observed, which coincides with the drastic increase in ∣n ∣. Each data point was measured for a
single crystal. Error bars in x reflect the standard uncertainty in La content from EDX measurements. Error bars in n  reflect the compound uncertainty in

sample thickness and 0 K extrapolation (that is,  where t is the sample thickness and n  is the fitted 0 K

intercept of n ). AQ14  Error bars in γ reflect the calibration uncertainty of the nanocalorimetry measurements. Three regimes with distinct electronic
ground states were identified: a Mott insulator (MI) for 0 ≤ x ≲ 0.085, a PG state (blue shading) for 0.085 ≲ x ≲ 0.17 and a disordered metal (DM; grey
shading) for x ≳ 0.17.
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Source data

For a quasi-two-dimensional metal, γ is linked to the quasiparticle effective mass m* (ref. [ 32 ]):

where a is the in-plane lattice parameter, N  Avogadro’s number, N  the number of formula units in a unit cell and i denotes the distinct Fermi pocket.
An enhancement in γ thus indicates a mass enhancement of the itinerant carriers, which can originate from the underlying band structure (for example,
on the approach to a van Hove singularity (vHs)) or many-body interactions (for example, critical fluctuations near a quantum critical point). In
quantum critical metals, the mass enhancement near a putative quantum critical point typically manifests as a pronounced peak in γ accompanied by a
logarithmic divergence at low T (that is, C/T ∝ ln(1/T) as T → 0)[ 33 ]. The absence of such a divergent C/T(T) in Sr La IrO  (Supplementary Fig. 3
), however, combined with the lack of long-range electronic order near x = 0.16 (see below), appears difficult to reconcile with a scenario involving
conventional quantum criticality.

Possible origins of the observed crossovers
As x → x  from the parent Mott state, we found that the effective zero-temperature carrier density n (0) showed a gradual crossover from n = x to n = 
1 + x, which was accompanied by the conductivity per IrO  plane approaching the conductance quantum and a sixfold enhancement in electronic
specific heat γ. Beyond x , γ dropped markedly in a manner that is reminiscent of what is found in hole-doped La Nd Sr CuO  beyond p* ≈ 0.23
(ref. [ 14, 15 ]). Likewise, the evolution of the transport coefficients of Sr La IrO  was qualitatively like that reported for hole-doped cuprates[

3, 13, 14, 34, 35 ]. At low doping (x ≲ 0.13), ∣n ∣(x) ≈ x, implying that only the doped electrons become mobile, consistent with previous ARPES
studies in lightly electron-doped Sr IrO , which found a small spectral weight at E  (refs. [ 25, 36 ]). A similar relation (n (x) ≈ p determined at T = 50 
K) has been found for La Sr CuO  (LSCO) below x = 0.08 (refs. [ 3, 13 ]). For YBa Cu O  (ref. [ 13 ]) and Nd-doped LSCO[ 14 ], a sharp
crossover from n  ≈ p to n  ≈ 1 + p has been observed in the vicinity of p*, suggesting that the hole that initially localized in the parent state was
recovered as soon as the PG vanished. Such a drastic change in n  may signify a Fermi surface reconstruction driven by an electronic and structural
order parameter with sufficiently long-range correlations. For Nd-LSCO, for example, this is probably spin stripe correlations[ 37 ]. For Sr La IrO ,
the only long-range electronic order known to exist is the (π, π) AFM order, which shares the same reduced Brillouin zone boundary caused by the
IrO  octahedra rotations. The resultant reconstructed Fermi surface of Sr La IrO  is expected to comprise both electron-like pockets around the (π/2,
π/2) nodal region and hole-like pockets around the the (0, π) antinodal region[ 25 ]. Consequently, the measured Hall signals should include
contributions from both Fermi pockets, even if the mobility of both pockets is low. These bipolar contributions would typically give rise to a
nonlinearity of ρ (H) at sufficiently high H and an R (T = 0) value that markedly deviates from expectations for a single conducting channel, neither

of which we observed (Supplementary Fig. 1 ). Moreover, the AFM order is known to vanish at a doping level (x ≤ 0.04) far below x , whereas the
lattice distortion does not fundamentally alter the underlying electronic structure (except that it leads to a back-folded shadow band that is photon
energy-dependent[ 23, 25, 38 ]). Furthermore, the structural distortion is not suppressed by La doping[ 21 ]. Thus, it cannot lead to a profound change
in electronic structure across the doping series investigated. It is, therefore, unlikely that Fermi surface reconstruction driven by long-range order can
explain the drop in ∣n ∣ below x  ≈ 0.16. Indeed, we are not aware of any experimental evidence for an electronic or structural transition induced by La

doping in Sr La IrO  (Supplementary Information Section 6.2 ).
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Models of Fermi surface reconstruction in the absence of long-range order within the PG regime have been proposed for the cuprates[ 39, 40, 41 ].
Numerical calculations[ 42, 43 ] based on the model proposed by Yang, Rice, and Zhang[ 39 ] show that both n  and γ can exhibit a marked
enhancement near p* due to the appearance of the reconstructed electron pocket. Although it has not yet been established whether Yang, Rice, and
Zhang’s model is applicable to Sr IrO , evidence for the persistence of short-range AFM fluctuations up to 20% electron doping has been reported[ 20

]. A recent dynamical mean-field study of Sr IrO  (ref. [ 44 ]) found that the electronic ground state evolves with electron doping through several
distinct regimes: a Mott-insulating state at low dopings, a PG and a differentiated regime with suppressed spectral weight near the zone boundary at
intermediate dopings and a uniform metallic regime in which the electronic states at E  become increasingly more coherent with increasing doping.
Such a scenario is consistent with the n ≈ x to n ≈ 1 + x crossover, though it is not yet clear how γ and m* would evolve within such a model.

The PG in cuprates has also been interpreted as a spatially inhomogeneous, doping-dependent, localization gap Δ that at low doping localizes exactly
one hole per CuO  unit[ 45 ]. In this picture, the n  ≈ p to n  ≈ 1 + p crossover is a gradual one, as observed in certain cuprate families[ 35 ], due to its
broad distribution in energy and real-space heterogeneity. The holes originally localized in the parent Mott state become fully delocalized only at the
edge of the superconducting dome where the PG is assumed to close. Although this picture can account for a gradual crossover in n  with doping, the
link between the crossover and PG closing is not yet proven[ 35, 46 ].

An alternative driver for the enhanced γ in Sr La IrO  is a vHs crossing at which the quasi-two-dimensional Fermi surface undergoes a Lifshitz
transition from electron-like to hole-like. In such a scenario, n  (in the isotropic-ℓ limit) is expected to change sign. Were ℓ to be anisotropic, however,

n  may no longer correspond to the carrier concentration or its character[ 47, 48 ] ( Methods ). In analogy with the cuprates, the observation of Fermi
arcs in the PG regime suggests a ‘nodal–antinodal dichotomy’ that manifests itself at higher doping with k-dependent scattering and a departure from
the isotropic-ℓ limit. In this circumstance, one would expect the regions with hole-like curvature near the antinodes to have a shorter ℓ than the
electron-like sections close to the nodes. Consequently, the Hall conductivity σ  would continue to be dominated by those regions of the Fermi surface
with electron-like curvature and R  would remain negative. The hole-like regions would, nevertheless, contribute progressively to the total
conductivity σ  and σ , resulting in a reduction in ∣R ∣ and a corresponding growth in ∣n ∣. Thus, the enhancements of ∣n ∣, σ  and γ may be
consistent with a scenario based on a vHs crossing near x  ≈ 0.16.

Although the coincidence of the vHs crossing and PG closure appears to be well established for LSCO[ 49 ], that is not the case for Sr La IrO .
Previous band structure calculations found that the vHs in Sr IrO  lies at approximately 0.12 eV above the chemical potential (irrespective of the
inclusion of lattice distortions), corresponding to electron doping exceeding 20%[ 28, 50, 51 ]. This conclusion is confirmed by our tight-binding

calculations, which locate the vHs at x ≈ 0.29 (Supplementary Figs. 5  and 6 ). All these calculations appear to place the vHs crossing in Sr La IrO
well beyond x , although future ARPES experiments on more highly doped crystals should help to confirm its location and clarify its impact on the
thermodynamic properties. Irrespective of the vHs location, without PG closure and a contribution from the hole-like regions to σ , the measured n
would not approach n = 1 + x. Moreover, the n  crossover to n = x would not occur without a PG opening, as the ℓ-anisotropy required to reproduce the
crossover is unphysically large (Supplementary Table 1 ). Hence, we can conclude that the drop in n  from n = 1 + x below x  is associated with a loss
of itinerant carriers upon the PG opening. This observation not only identifies the location of PG closure, it also places Sr La IrO  alongside the
cuprates in the second category of doped Mott insulators with the electronic specific heat coefficient diminishing upon approaching the Mott state, and
it implies that non-local interactions must play a prominent role in the physics of the iridates.

Despite the striking similarities in the normal-state properties of Sr La IrO  and the cuprates, to date no robust signatures of superconductivity have
been reported for the former. In this regard, it is instructive to compare the characteristic energy scales of Sr IrO  to those of isostructural La CuO .

We summarize in Supplementary Table 2  the leading terms associated with carrier hopping (t), spin correlations (J) and charge correlations (U) of the

two compounds. (Note that for Sr IrO , J characterizes the Hund’s coupling, which promotes spin exchange[ 52 ]). As the 5d orbitals are more spatially
extended, t is larger for Sr IrO  whereas J and U are smaller. It has been pointed out previously[ 52 ] that the phase space available for stable
superconductivity reduces with increasing J/U whereas it expands with increasing U/t, with a suggested critical value of U/t > 6 for the realization of
superconductivity. Though J/U is similarly small in both oxides, U/t is substantially reduced for Sr IrO  and very close to (or slightly below) the
critical value. It is possible that a distinctly favourable energy landscape for superconductivity is realized only for the cuprates, which marks the key
difference between the two oxide families, despite them sharing the same PG phenomenology. A more mundane reason for the absence of
superconductivity is the higher level of disorder reflected in the low-T resistivity upturns (at sufficiently high dopings). In underdoped LSCO (x = 
0.06), the in-plane resistivity has a minimum[ 3 ] with ρ  ≈ 600 μΩ cm at 50 K. By contrast, for Sr La IrO  (x ≈ 0.17, a significantly higher carrier
density), ρ  ≈ 650 μΩ cm at 50 K, implying a lower overall carrier mobility. AQ15  The growth of cleaner iridates, were it ever to be possible, would
obviously help to address this point. Moreover, the PG is seen to be robust to the presence of disorder.

In summary, our transport and thermodynamic measurements on a series of Sr La IrO  crystals revealed two defining bulk signatures regarding the
fate of carriers doped into a 5d Mott insulator Sr IrO : the density of the itinerant carriers undergoes a dramatic reduction upon the removal of electron
dopants at x  ≈ 0.16 whereas the electronic specific heat coefficient is strongly enhanced upon approaching x . Our findings indicate that the low-T
electronic ground state of Sr La IrO  undergoes a profound transformation with electron doping, and aided by numerical calculations, we conclude
that: (1) The loss of itinerant carriers signifies the PG opening near x . (2) The concomitant enhancement in quasiparticle effective mass is not
associated with an identifiable long-range order parameter or a quantum critical point. (3) A bulk pseudogapped state does not promote
superconductivity in a doped 5d Mott insulator. The striking similarity between the PG phenomenology of hole-doped cuprates and electron-doped
Sr IrO  thus suggests that PG formation is generic to doped quasi-two-dimensional AFM Mott insulators but is not itself a precursor to
superconductivity.

Methods
Single-crystal growth
Crystals of Sr La IrO  were grown using a flux method with an off-stoichiometric mixture of SrCO :IrO :La O  and anhydrous SrCl  flux in a
small Pt crucible (30 ml) with a loose lid. For x < 0.1, starting materials with a typical ratio of SrCO :IrO :La O :SrCl  = 1.9 − 2x : 1.0 : x/2 : 9.0 were
heated to 1,245 °C, held for 12 h, cooled to 1,100 °C at a rate ∼8 °C h  then quenched to room temperature. For x > 0.1, starting materials with a
typical ratio of SrCO :IrO :La O :SrCl  = 1.5: 1.0: 18: 9.0 were heated to 1,350 °C and held for 30 h then quenched. The resulting square platelet
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crystals had a typical lateral size of 0.2–2.0 mm and were separated from the flux by rinsing with deionized water. The La content x, which
corresponds to the nominal electron doping on the Ir site, was determined for each measured crystal using energy-dispersive X-ray (EDX)
spectroscopy on cleaved surfaces using a scanning electron microscope (JSM-6610LV, JEOL) and an energy-dispersive X-ray spectroscope (Oxford
Instruments), with a typical uncertainty in x of 0.01–0.02. AQ16  Note that the reproducibility between growth runs was poor, with identical starting
constituents producing different results. A 50% variation in EDX-measured x values was often found across each batch compared to the nominal x.

Magnetotransport measurements
Platelets of Sr La IrO  with typical dimensions of (600 × 250 × 75) μm  were selected for electrical transport measurements. Gold wires of 25 or
50 μm diameter were attached to the crystals using silver paint (DuPont 6838), with the crystal sides carefully painted to eliminate the c-axis
contribution, and annealed in flowing oxygen at 450 °C for 10 min to achieve sub-ohm contact resistances. Measurements in magnetic fields up to 8 
T, applied along the c-axis, were performed using a cryogen-free measurement system (Cryogenic Ltd). Measurements up to 35 T were performed
using a Florida–Bitter magnet coupled to a He-flow cryostat at the High Field Magnet Laboratory at Radboud University. Longitudinal resistivity
measurements were performed down to ∼3 K (except for x = 0.012, which were down to 20 K) and Hall measurements down to 20 K. Note that small
temperature fluctuations at T < 20 K, where all samples showed a resistive upturn with a sizeable ∣dρ /dT∣ (Fig. 2 ), led to increased noise levels in
the measured Hall signals (due to imperfect contact alignment) and prevented a reliable extraction of the Hall resistivity below 20 K. The noise in our
ρ  measurements was at a constant level of ∼0.02 μΩ cm for x > 0.10. For x ≤ 0.10, the noise level was highly dependent on x and T due to the
divergent longitudinal component, reaching 2 μΩ cm at 30 K for x = 0. Nonetheless, the percentage uncertainty in R  at 8 T was less than 5% for all x
and T, and is accounted for by the error bars of the corresponding n (0).

Specific heat measurements
The present series of Sr La IrO  crystals had a low mass (submicrogram), which limited the feasibility of standard specific heat methods. To
perform measurements on miniature crystals, we adopted a Si-N membrane-based nanocalorimetry method, which has been successfully employed on
materials with submicrogram masses[ 53 ]. Samples from the same crystals used for the transport measurements were cleaved to yield flakes with
clean surfaces with lateral dimensions of 50–100 μm and thicknesses of 10–30 μm. Measurements were performed in a dilution refrigerator
(Bluefors) with a differential calorimeter operating using the a.c. steady-state method, with automatic adjustments of thermometer bias, a.c. heating
and temperature oscillation frequency. Samples were mounted with a very small amount of grease (Apiezon N), measured separately before sample
mounting. The NiCrSiO  thin-film cermet calorimeter thermometers[ 54 ] were operated at the nth harmonic (n between 3 and 8) of the a.c. heater to
provide a temperature oscillation response at the n + 2 harmonic. Absolute temperature control was obtained through a local offset heater on the
calorimeter membrane, with the dilution refrigerator sitting at base temperature. The reference cell thermometer was used only as a thermometer
bridge to provide a clean, high-resolution, differential measurement of the temperature oscillation.

Numerical calculations
We adopted the tight-binding model developed in ref. [ 28 ] to parameterize the Fermi surface of Sr IrO . The doping of electrons was modelled by
shifting the chemical potential to match the enclosed Fermi surface area with the expected value (that is, the corresponding Luttinger count). We
found that the vHs lies at n ≈ 1.29 (29% electron doping), consistent with a previous report, which found that the vHs occurred above 20% electron
doping[ 50 ]. For the electronic specific heat γ, we used the electronic density of states D derived from the tight-binding Fermi surface
parametrization:

where k  (v ) is the Fermi wavevector (velocity), d the distance between two IrO  planes and θ the azimuthal angle around the two-dimensional
Fermi surface. For longitudinal and Hall resistivities, we used the Boltzmann transport equations generalized to a two-dimensional system with
anisotropic scattering:

where ϕ is the angle between v  and k .
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