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Strong spin-orbit coupling fosters exotic electronic states such as topological insulators and superconductors, but the 
combination of strong spin-orbit and strong electron-electron interactions is just beginning to be understood. Central to 
this emerging area are the 5d transition metal iridium oxides. Here, in the pyrochlore iridate Pr2Ir2O7, we identify a non-
trivial state with a single point Fermi node protected by cubic and time-reversal symmetries, using a combination of an-
gle-resolved photoemission spectroscopy and first principles calculations. Owing to its quadratic dispersion, the unique 
coincidence of four degenerate states at the Fermi energy, and strong Coulomb interactions, non-Fermi liquid behavior 
is predicted. Our discovery implies that Pr2Ir2O7 is a parent state that can be manipulated to produce other strongly cor-
related topological phases, such as topological Mott insulator, Weyl semi-metal, and quantum spin and anomalous Hall 
states.

Following the discovery of topological insulators 
[1–4], the next frontier is the regime in which both spin-
orbit coupling and correlation effects are strong [5–11]. 
Theory has suggested that the pyrochlore iridates, a 
family of cubic 5d transition metal oxides [12, 13], may 
realize both band inversion, the essential ingredient of 
topological insulators, and strong correlations [8, 11]. 
Empirical evidence for the latter is plentiful. Notably, 
Pr2Ir2O7 appears to be proximate to an interaction-driven 
antiferromagnetic quantum critical point tuned by A site 
ionic radius, which is located between the two ions with 
largest radii, A = Pr and A = Nd [13, 14]. It is the only 
compound among the series in which the iridium elec-
trons remain paramagnetic and itinerant down to the 
lowest measured temperatures. It displays “bad metal-
lic” behavior and nontrivial spontaneous Hall transport, 
suggesting strong correlations [6, 14, 15]. Moreover, 
recent thermodynamic measurements have revealed 
zero-field quantum criticality without tuning [16].

The phenomenological suggestion of Ref. [10], 
whose implications are summarized in Fig. 1, is that 
the Fermi surface of Pr2Ir2O7 contains a single Fermi 
node at the Γ point, which emerges as the touching 
point of two quadratically dispersing “conduction” and 
“valence” bands [17]. The presence of this touching is 
actually required by symmetry and group theory (the 
quadruplet at the zone center lies in the Γ8 representa-
tion of the double group of Oh), but its location directly 
at the Fermi energy was an ad-hoc theoretical assump-
tion. If the assumption is correct, Pr2Ir2O7 becomes a 
strongly correlated analog of HgTe [18, 19], which has 
a mathematically identical quadratic node at the Fermi 
energy, and implies that Pr2Ir2O7 should be tunable into 
various topological states (see Fig. 1). Furthermore, 
theory has predicted that the quadratic nodal semimetal 
itself is fundamentally altered by long-range Coulomb 
interactions (negligible in HgTe due to the large dielec-
tric constant, but not so here), becoming a non-Fermi 
liquid state. Thus the Fermi node, if correct, means that 
Pr2Ir2O7 is a natural parent material for strongly interact-
ing topological phases and non-Fermi liquid states.

Angle-resolved photoemission spectroscopy is a 
powerful technique to directly observe the electronic 
structure of matter. One incident photon energy cor-
responds to one kz value in solid, thus the momentum 
space observed at a fixed photon energy is limited to a 
kx-ky plane at a fixed kz (Fig. 2a). To locate the Γ-point, 
therefore, sweeping the photon energy is required. In 
order to observe the Fermi node, we measured the 
ARPES spectra at various photon energies. The ob-
served momentum cut shifts with photon energy along 
the k(111) axis within a momentum sheet crossing the Γ, 
L, and K points. The most significant finding is that the 

parabolic dispersion moves toward EF with increasing 
incident photon energy (or increasing k(111)), and it even-
tually touches EF （see the plots in Fig. 2d). As the pho-
ton energy is further increased, the dispersion moves 
away from EF again, following the quadratic dispersion 
along k(111). Our data show that the 3D band structure 
of Pr2Ir2O7 has the theoretically predicted Fermi point at 
the momentum reached by hν ∼ 52 eV, which is thus 
assigned to be Γ (Fig. 2b). Other scans of different 
k(111) values up to the L point in the Brillouin zone, which 
is reached at hν = 39 eV (Fig. 2c), revealed no other 
states touching or crossing EF. This absence of other 
bands crossing EF is another consistency condition on 
the Fermi node model, which requires this situation by 
state counting and charge neutrality [20].

We also point out that broad spectral weight emerg-
es beyond EF as seen in the Fermi-function divided 
image for the 75 K data (arrow in Fig. 2e). The related 
spectral intensity is obtained off Γ, showing an upturn 
behavior beyond EF. While the strong suppression of 
quasiparticle peaks at elevated temperatures prevents 
us from a definitive determination of the conduction 
band dispersion, the observation of spectral weight 
above EF is compatible with the predicted existence of 
a quadratic band touching on the unoccupied side (Fig. 
2d). 

Our results suggest that tuning of a unique quan-
tum critical point between an antiferromagnetic Weyl 
semimetal and the non-Fermi liquid nodal phase may 
be possible by alloying or hydrostatic pressure. Cor-
related topological phases and device applications with 

iridate films could be accessed by controlling the strain-
induced breaking of the cubic crystal symmetry and size 
quantization (subband formation) in quantum well struc-
tures. 

the ARPES intensities at EF becomes strongest at the zone centre,
and the band touching at EF is confirmed in the dispersion maps
along kx and ky (Fig. 3d) and the corresponding symmetrized
EDCs (Fig. 4f, also see the raw EDCs in Supplementary Fig. 7). In
contrast, these features are missing in the kx–ky sheet across L
point (hn¼ 39 eV) (see Fig. 4c), where a rather flat, gapped
dispersion is observed (Fig. 4e,g).
Second, we demonstrate that our conclusion is insensitive to

the different analytic schemes. This is significant especially
because the symmetrization technique is relevant for the particle–

hole symmetric state, which is unknown in Pr2Ir2O7. Accord-
ingly, we have tested another widely used measure of dividing the
ARPES spectra by the Fermi-Dirac function (FD). Figure 5c plots
the EDCs along a momentum cut crossing G (light-blue arrow in
the inset of Fig. 5d) measured at various temperatures. Instead of
symmetrization, the curves are divided by the energy-resolution
convoluted Fermi function at the measurement temperatures to
remove the effect of the Fermi cutoff. It is clearly seen that the
quadratic dispersion touches EF, in agreement with the earlier
analysis. In Fig. 5e, we compare the dispersions determined by the
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Figure 3 | ARPES spectra revealing a quadratic Fermi node in the 3D band of Pr2Ir2O7. (a) Brillouin zone, showing a momentum sheet along which

ARPES data were measured. The momentum cuts at hn¼ 10 and 18 eV crosses the G and L points in the 1st Brillouin zone. (b) Energy dispersions along the

kx direction measured at hn¼ 7, 8, 9 and 10 eV. The corresponding momentum cuts are indicated in a by dashed coloured lines. The band dispersion

obtained by the first-principles band calculation is superimposed (grey curve). The data close to EF is fitted by a parabolic function, e(k)pk2 (light-blue

dotted curve). The estimated effective mass at G, meff¼ 6.3m0 (m0: free electron mass), is in agreement with the band calculation. (c) The calculated band

dispersion in the kx� k(111) sheet, painted with orange in a. On it, the ARPES data in b are plotted. (d) The ARPES data (symmetrized energy distribution

curves (EDCs)) along the kx direction measured at several photon energies. All the spectra shown were accumulated at T¼ 15 K. The energy positions of

spectral peaks are marked by bars and dashed curves. (e) EDCs and the corresponding symmetrized EDCs along the G–L direction, measured at k points

marked with green circles in a. The energy positions of dip and hump, suggesting mode coupling, are marked by arrows and circles, respectively, on EDCs.

Error bars in b represent uncertainty in estimating the spectral peak positions.
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fuller identification of the non-Fermi liquid state and
explication of its physics in Pr2Ir2O7 requires higher
resolution data and more elaborate analysis, beyond the scope
of this paper.

Quadratic band touching. In passing, we point out that broad
spectral weight emerges beyond EF as seen in the Fermi-function-
divided image for the 75-K data (arrow in Fig. 5f). The related
spectral intensity is obtained off G, showing an upturn behaviour
beyond EF (arrow in Fig. 5b and Supplementary Figs 10 and 11,
and see Supplementary Notes 5 and 6). While the strong
suppression of quasiparticle peaks at elevated temperatures pre-
vents us from a definitive determination of the conduction band
dispersion, the observation of spectral weight above EF is
compatible with the predicted existence of a quadratic band
touching on the unoccupied side (Fig. 5d).

Discussion
Prior measurements6,16,31 showing ferromagnetic spin-ice-type
correlations among the Pr moments below 2K may be explained
due to unconventional ferromagnetic RKKY interactions arising
from the point-like Fermi surface. The Fermi node also leads to
strong sensitivity to small time-reversal breaking perturbations,
producing Weyl points close to the Fermi energy12 and a
gigantic anomalous Hall effect. This is also in accord with the
experimental fact that Pr2Ir2O7 was the first material found to
exhibit a large spontaneous Hall effect in a spin liquid state at
zero field6,31.

Our results suggest that tuning of a unique quantum critical
point between an antiferromagnetic Weyl semimetal and the non-
Fermi liquid nodal phase may be possible by alloying or
hydrostatic pressure. Correlated topological phases and device
applications with iridate films could be accessed by controlling
the strain-induced breaking of the cubic crystal symmetry and
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Figure 5 | Temperature evolution of ARPES spectra and evidence for the Fermi nodal state. (a,b) Temperature variation of FD-divided EDCs measured at

G (hn¼ 10.5 eV) and off G (hn¼ 21.2 eV), respectively. In d, the observed k points for a and b are marked by purple and orange dashed lines, respectively.

The unoccupied side is displayed up to the energy of 3kBT. The spectral peak positions are marked by coloured circles. The original EDCs used for the

analysis are plotted in the insets. (c) The FD-divided EDCs along a momentum cut indicated in d with a light-blue arrow measured at various temperatures.

The spectral peak positions are indicated by red bars and dashed curves. The Fermi node is marked by a magenta circle. At T¼ 150K, the spectral peaks are

strongly suppressed, and thus the dispersion cannot be determined. (d) Band dispersions obtained by the first-principles calculation, magnified in the

region close to EF. In the inset, the Brillouin zone of Pr2Ir2O7 is shown. (e) The energy dispersion along a momentum cut crossing G (light-blue arrow in d),

determined from the peak positions of the FD-divided spectra at T¼ 75K in c (red circles). The same plots, but determined from the peak positions of

symmetrized spectra, are superimposed (blue circles). The quadratic dispersion (light-blue dashed curve) nicely fits the data. (f) ARPES dispersion map

crossing G (light-blue arrow in d) measured at hn¼ 10.5 eV. The original ARPES intensities are divided by the energy-resolution convoluted Fermi function

at the measured temperature of T¼ 75K to remove the cutoff effect near EF. The thick black arrow points to the remarkable spectral weight above EF,

consistent with the existence of conduction touching band in the unoccupied side. Error bars in e represent uncertainty in estimating the spectral peak

positions.
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symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).

Another possible cause of the discrepancy between the data
and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a
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symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).

Another possible cause of the discrepancy between the data
and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a
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and orange arrows in b, respectively). (e) The same data as d, but for

hn¼ 39 eV, which cross the L point. (f,g) EDCs of d and e, respectively,

symmetrized about EF. The dimension arrows estimate the bandwidth of
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symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).
Another possible cause of the discrepancy between the data

and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a

Γ

–0.4 0.0 0.4

–0.1

0.0

E
ne

rg
y 

(e
V

)

–0.3 0.0 0.3

–0.1

0.0

E
ne

rg
y 

(e
V

)

–0.4

–0.2

0.0

0.2

0.4

ky (Å
–1)

k x
 (

Å
–1

)

ky (Å
–1)ky (Å

–1)

kx (Å
–1)

k x
 (

Å
–1

)

ky (Å
–1) kx (Å

–1)

–0.4 0.0 0.4

–0.2

0.0

0.2

–0.4 –0.2 0.0 0.2 0.4

LΓ

–0.3 0.0 0.3

kx

ky

k(111)

 h� = 52 eV h� = 39 eV 

–0.3 0.0 0.3

HighLow
b c

d e

In
te

ns
ity

–0.1 0.0 0.1

In
te

ns
ity

–0.1 0.0 0.1–0.1 0.0 0.1 –0.1 0.0 0.1

~ 40 meV

ky kxky kx

Energy (eV) Energy (eV)

~ 40 meV ~ 40 meV ~ 40 meV
g

Γ
L

X
WK

Z

39 eV
52 eV

a

f

Figure 4 | ARPES intensity mapping at the Fermi level across C and L

points. (a) Brillouin zone, showing momentum sheets along which ARPES

data were measured. The momentum cuts at hn¼ 52 and 39 eV crosses the

G and L points, respectively, in the 3rd Brillouin zone. (b,c) ARPES

intensities at EF in the kx� ky sheet crossing G and L measured at hn¼ 52

and 39 eV, respectively. For the data at hn¼ 39 eV, only the positive side of

ky were measured, and it is reflected to the negative side. (d) ARPES

dispersion maps for hn¼ 52 eV, measured along ky and kx crossing G (green

and orange arrows in b, respectively). (e) The same data as d, but for

hn¼ 39 eV, which cross the L point. (f,g) EDCs of d and e, respectively,

symmetrized about EF. The dimension arrows estimate the bandwidth of

B40meV in the occupied side.
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hv#="52eV hv#="39eV(a) (b) (c)

(d) (e)

Figure 1: Quadratic Fermi node state of Pr2Ir2O7 tunable into 
interacting topological phases. In the lower part of the diagram, the 
bottom half of the blue circle and its reflection form a caricature 
of the quadratically dispersing conduction and valence bands 
touching at the zone center, while at the same time the darker 
blue upper circle suggests how Pr2Ir2O7, with non-negligible 
Coulomb interactions, is a strongly correlated non-Fermi liquid 
analog of HgTe, shown as a pale blue reflection. Arrows indicate 
the perturbations which convert the nodal non-Fermi liquid (NFL) 
state to diverse topological phases: an antiferromagnetic Weyl 
semimetal should be produced in bulk materials by alloying or 
hydrostatic pressure, uniaxial strain yields a three-dimensional 
topological insulator, and two-dimensional confinement produces 
a quantum spin Hall state. The outer circle reminds us that all 
the states produced in these ways retain strong correlations, and 
hence are excellent candidates for observing non-trivial surface 
phases different from those of band theory, as discussed in the 
text.

Figure 2: (a) Brillouin zone of Pr2Ir2O7. (b, c) ARPES intensity 
map at EF across Γ and L, measured at hν = 52 eV and 39 eV, 
respectively. The corresponding momentum sheets are indicated 
in (a) with red and blue colors. (d) Band calculation for Pr2Ir2O7 

showing the Fermi node state. The energy dispersions determined 
by ARPES with several photon energies are superimposed. (e) 
Band dispersion map across Γ point. The energy distribution 
curves (EDCs) are divided by the Fermi function (FD) at measured 
temperature (T = 75 K).
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