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Correlated Magnetic Weyl Semimetal State in Strained Pr,lr,O;
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Correlated topological phases (CTPs) with interplay between topology and
electronic correlations have attracted tremendous interest in condensed matter
physics. Therein, correlated Weyl semimetals (WSMs) are rare in nature and,
thus, have so far been less investigated experimentally. In particular, the experi-
mental realization of the interacting WSM state with logarithmic Fermi velocity
renormalization has not been achieved yet. Here, experimental evidence of a
correlated magnetic WSM state with logarithmic renormalization in strained
pyrochlore iridate Pr,Ir,O; (PIO) which is a paramagnetic Luttinger semimetal
in bulk, is reported. Benefitting from epitaxial strain, “bulk-absent” all-in-all-out
antiferromagnetic ordering can be stabilized in PIO film, which breaks time-
reversal symmetry and leads to a magnetic WSM state. With further analysis of
the experimental data and renormalization group calculations, an interacting
Weyl liquid state with logarithmically renormalized Fermi velocity, similar to that
in graphene, is found, dressed by long-range Coulomb interactions. This work
highlights the interplay of strain, magnetism, and topology with electronic corre-
lations, and paves the way for strain-engineering of CTPs in pyrochlore iridates.

matter research,l!l and have drawn inten-
sive investigations independently. Elec-
tronic correlations (U) have been well
studied in the last several decadesi>
and play a crucial role in generating var-
ious exotic quantum phenomena, such
as metal-insulator transition,! colossal
magnetoresistance,3] and unconventional
superconductivity.! Recently, topological
nontrivial systems, including Weyll>®l (or
Dirac)®! and nodal-line semimetals, /10!
have been developed swiftly, since the
discovery of a topological insulator (TI)
with strong spin-orbit coupling (4).l%
Very recently, the interplay of the elec-
tronic-correlation effect and topological
nontrivial states has started to attract
attention™134 and leads to the corre-
lated topological phases (CTPs),l! exem-
plified by correlated Weyl semimetals

1. Introduction

Electronic-correlation-driven physics and topological non-
trivial physics are two central threads of modern condensed
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(WSMs), axion insulators, and topological
Mott insulators. WSMs that host emergent Weyl fermions in
the bulk and surface Fermi arc states®®! are of great interest
for physicists and material scientists. They have numerous
intriguing properties such as the nonlinear Hall effect,!"
phonon-electron fluid behavior,!' anomalous Hall effect
(AHE),”l anomalous Nernst effect,'¥! and chiral anomaly-
induced magnetotransport.’>-2!) However, experimental reali-
zation of the electronic correlation effect in WSMs, that is,
correlated WSMs, has been quite limited because of the rare
examples” ¥ in nature.

Pyrochlore iridates (R,Ir,0;), as a family of 5d transition
metal oxides with large A and intermediate U, are considered
to be fertile ground to potentially produce the topologically
nontrivial CTPs.[22-25] The crystal structure of R,Ir,O; has
symmetry identical to that of the diamond lattice (Figure 1a
and Figure S1, Supporting Information), and R,Ir,O; is the
first real material system predicted to host Weyl fermions
in solids.’! Most R,Ir,0; have antiferromagnetic (AFM)
ordering, known as the all-in—-all-out (AIAO) state (Figure 1b).
Importantly, this magnetic ordering breaks time-reversal
symmetry (TRS), which leads to the magnetic WSM state
with four pairs of Weyl nodes.’! However, a charge gap usu-
ally appears at the Fermi level, since the ATAO AFM ordering
can give rise to the pair annihilation of Weyl nodes. Hence,
the predicted AIAO WSM state can exist only in the vicinity
of the AIAO charge-gapped state, indicating an extremely
narrow temperature region for the magnetic WSM state.l2¢]
In the family of R,Ir,0; almost all compounds, except for
R = Pr, undergo AIAO magnetic ordering below the Néel
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Figure 1. Phase diagram for R,Ir,0O;. a) Schematic view of the pyrochlore lattice structure. b) Schematic configuration of the AIAO AFM ordering state
for A domain (left) and B domain (right). c) Phase diagram for the family of R,Ir,O;, which is modified based on the diagrams in previous reports.["?’]
d) Exotic phase diagram of PIO in terms of a biaxial compressive strain and U. §is the change ratio of the hopping parameter by a strain, while t,,, is
the hopping through oxygen. U and & are normalized by t,,,. The red line (6= 0) presents the LSM state in PIO. e) Schematic of the band renormaliza-
tion due to the correlation effect (long-range Coulomb interaction), resulting in the correlated magnetic WSM state.

temperature, Ty, accompanying a metal-insulator transition
(Figure 1c).”l In contrast to the vast amount of theoretical
calculations, 2225 experimental observation of magnetic
WSM states in R,Ir,0; has been extremely difficult and still
remains elusive.

Bulk Pr,Ir,0; (PIO) is a unique metal located near the crit-
ical point of the metal-insulator transition and paramagnetic-
antiferromagnetic transition of the R,Ir,0, family.”l The
Ir-5d electrons remain paramagnetic and metallic down to the
lowest temperatures, without a major resistivity increase in
PIO bulk.?®] Importantly, the Ir-5d electrons form a Luttinger
semimetal (LSM) state with quadratic band touching at the T’
point??! right across the Fermi level, which could evolve into
abundant topologically nontrivial quantum phases through
symmetry-breaking perturbations.?>3% In this work, we suc-
cessfully fabricated high-quality PIO strained films, and used
epitaxial strain as a tuning parameter to induce the predicted
magnetic WSM phase. The observed AHE demonstrates the
underlying Berry curvature generated by the Weyl nodes.
Magnetotransport measurements provide strong evidence for
chiral anomaly of the magnetic Weyl fermions. Importantly,
the temperature dependence of the planar Hall effect (PHE)
coefficient can be well explained by considering the electronic
correlation in the WSM state. Based on the electronic transport
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measurements and theoretical calculations, we report a corre-
lated magnetic WSM state with long-range Coulomb interac-
tions in the PIO strained film.

2. Experimental Results

2.1. Topological Phase Diagram and Epitaxial Growth of PIO

We performed mean-field calculations for the PIO system
under biaxial strain, based on the Hubbard model.?'3% The
resulting phase diagram is presented in Figure 1d, in terms
of U and ¢ (the change ratio of the hopping parameter). Note
that we use & to simulate the strain effect for the calculation, 3
and 8 > 0 corresponds to the compressive strain. More details
about & are provided in Figure S2, Supporting Information.
Interestingly, three exotic topological phases, that is, magnetic
WSM, axion insulator, and TI can be generated from the LSM
system by (compressive) strain effect. Surprisingly, the “bulk-
absent” AIAO AFM ordering can be developed in PIO with a
small strain (6 < 0.3% for U = 1.39), which leads to the previ-
ously expected magnetic WSM phase with four pairs of Weyl
nodes. (Note that the term “bulk-absent” means AIAO ordering
is absent in the unstrained PIO bulk or single crystal, while it
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is present in our strained PIO film.) With intermediate strain
(0.3% < 6 < 0.7%), the Weyl nodes are annihilated at I' point,
and a band gap appears. However, the AIAO magnetic order
still remains in this region, giving rise to an axion insulator
phase with a Fu-Kane Z, index value of 2. With further increase
in strain (6 > 0.7%), the magnetic order vanishes, and the
system turns out to be a paramagnetic TL.12}l More details about
the calculation are provided in Figures S3 and S4, Supporting
Information. This work focuses on the magnetic WSM state
induced in the small strain region (8 < 0.3%). Considering the
electronic correlation between Ir-5d electrons, the linear band
dispersion in this magnetic WSM state can be renormalized,
resulting in a correlated magnetic WSM state (Figure 1e). More
details are provided below.

To explore the predicted correlated WSM phase, we fabri-
cated high-quality PIO epitaxial film with small compressive
strain using the modified solid-phase epitaxy (SPE) method.
More details on the growth*” are provided in the Experimental
section and Figures S5-S7, Supporting Information. Figure 2a
shows the X-ray diffraction pattern of the (111)-oriented PIO
film on (111) yttria-stabilized zirconia (YSZ), with the bare
YSZ substrate as a reference. Strong “odd-pair peaks” dem-
onstrate the excellent crystallization of the pyrochlore phase,
as the superstructure of the fluorite structure. The enlarged
figure in Figure 2b shows that the PIO film is strained with
the (222) peak shifted off the bulk value. Further analysis of
the reciprocal space map (Figure 2c) shows that compressive
strain is introduced in the (111)-plane of the PIO film, with a
value of =0.2%. Simultaneously, the lattice is elongated along
the [111] direction, consistent with the shift of the (222) peak
in Figure 2b. The presence of the small strain in PIO film is
crucial and responsible for the magnetic WSM state with cubic
symmetry breaking and the development of AIAO ordering,
consistent with the mean-field calculations (Figure 1d).

2.2. AHE in Strained PIO Film

Figure 3a presents the longitudinal resistivity, p,,, of the PIO
film as a function of temperature, measured with a Hall-bar

www.advmat.de

geometry (inset of Figure 3a) without an external magnetic field.
Obviously, with decreasing temperature, the PIO film and bulk
single crystal samples show similar metallic behavior before
a minimum value reached, and then show a small upturn in
resistivity with further cooling. The minimum of resistivity in
PIO film is enhanced to a slightly higher temperature (=50 K)
than that (=40 K) for the bulk sample. The resistivity of the film
is about =3-10 times larger than that of the bulk sample below
300 K, which could be attributed to the compressive strain in
the film. With compressive strain, trigonal compression of the
octahedra will be enhanced, which decreases the Ir-O orbital
overlap and thus suppresses the hopping of Ir-5d electrons.!!
This also explains the resistivity of Nd,Ir,0; (NIO) strained
film becomes significantly enhanced compared to the bulk.’¥
To further check the strain effect, sample with larger compres-
sive strain was fabricated and it shows that larger strain leads
to higher resistivity (Figure S6, Supporting Information), which
is consistent with our above statement. However, the influence
of the crystalline order or detects on the resistivity cannot be
excluded completely. The film with larger compressive strain
shows higher resistivity and a new insulating behavior, which
is consistent with tendence of our theoretical calculation
(Figure 1d). More investigation and efforts will be done on this
sample to confirm that it is the predicted axion insulator or the
topological insulator in the future.

Interestingly, as shown in Figure 3b, AHE is observed in
the strained PIO film with magnetic field applied along the
[111] direction. For the bulk samples, a similar AHE signal was
reported up to =1.5 K,?6-38 but the AHE signal in the film per-
sists up to 30 K. Above 30 K, the Hall signal becomes linear,
indicating that the ordinary Hall effect is dominant at elevated
temperatures. Importantly, the Hall resistivity of the film
sample measured at 2 K shows a hysteretic feature with a finite
value at zero field. This is known as the spontaneous Hall effect
(SHE), which was also reported in the bulk sample, but at lower
temperature (Figure 3c). The SHE observed in the PIO film
indicates both cubic symmetry breaking and TRS breaking.[3¥
The cubic symmetry is broken by the compressive strain at the
(111) plane, and the strain-induced AIAO ordering breaks the
TRS. It should be mentioned that the observed AHE in the PIO
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Figure 2. Structural characterization of the PIO film. a) High-resolution XRD patterns of the 40-nm-thick PIO film on the YSZ substrate and a bare YSZ
substrate. b) Enlarged XRD patterns that are shown in (a). The green dashed line presents the position of the bulk PIO (222) XRD peak. c) Reciprocal
space map of the PIO film in the vicinity of the YSZ (331) reflection. The * marks the peak position of the film.
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Figure 3. Resistivity and AHE in the PIO film. a) Resistivity for the PIO film and bulk single crystal.?8l The inset shows the schematic illustration of the
Hall bar geometry. b) Temperature-dependent AHE collected from the PIO film. The dashed lines are eye guidelines for the linearity. ¢) Comparison of
AHE between PIO film (2 K) and bulkP®¥l (0.5 K). The arrows present the field-sweeping direction.

film is different from the conventional AHE in ferromagnetic
materials where the anomalous Hall resistivity is proportional
to its magnetization (M).*] In ferromagnetic materials, its
Hall resistivitiy is p,, = RoB + 47RM, where the first term is
the ordinary Hall effect and the second term is the AHE. The
AHE in the ferromagnetic materials originates from its mag-
netization and spin-orbit coupling.?”! As for our PIO film with
strain-induced AIAO AFM ordering, its AHE could be attrib-
uted to the non-zero Berry curvature (€;;) induced by the non-
trivial contribution of the Weyl nodes: G,’?YHE = zni,kQﬁk, where
ik
the index i runs over the Weyl nodes and #; is the occupation
number in node i.14!

2.3. Magnetotransport Properties in Strained PIO Film

To obtain further insight into the magnetic Weyl fermions, we
performed magnetotransport measurements on the PIO film
by applying the magnetic field B perpendicular and parallel to
the current I direction. It has been reported that the bulk PIO
sample has a huge positive transverse magnetoresistivity (TMR:
B I I) when magnetic field is applied along the [111] direction
(Figure S8a, Supporting Information). The positive TMR in
bulk PIOB® can be understood by the localization of electrons
due to the Lorentz force, which is common when magnetic
field is applied to nonmagnetic/paramagnetic metallic systems.
Surprisingly, a negative TMR with an upturn at high field is
observed at 2 K in the film sample (Figure 4a and Figure S8a,
Supporting Information). The negative TMR in the strained
PIO film unambiguously indicates a distinct state from the
bulk PIO that is a paramagnetic LSM. Notably, the upturn in
negative TMR in the PIO film is quite similar to that of the NIO
single crystals under pressure.l%! It is well known that NIO has
intrinsic AIAO magnetic ordering at =30 K in bulk.?*?! The
conversion from negative to positive (upturn) in the TMR can
be interpreted by the switching from a 4-in—0-out (4/0) state to a
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3-in-1-out (3/1) state in the AIAO ordered phase, as mentioned
for the NIO bulk.”%l According to the previous calculation,*?
the band structure of the pyrochlore iridates is very sensi-
tive to their magnetic ordering. When the magnetic field is
applied along [111], the magnetic ordering of pyrochlore iridates
switches from 4/0 to 3/1 state, and the band structure near the
Fermi level changes drastically when the magnetic ordering
switches. For instance, according to the theoretical calculations,
the Weyl semimetal phase in 4/0 state has four pairs of Weyl
points, which turns into another Weyl semimetal with three
pairs of Weyl points in 3/1 state. Such a change of low energy
band structure can significantly affect the low energy density
of states and the transport properties. Therefore, the density of
states at the Fermi level can be decreased in the 3/1 state as it is
indicated in the Nd,Ir,0; case,’?®l resulting in the upturn from
negative to positive in the TMR. Besides, it should be point out
that the thickness of our film is about =40 nm, which is beyond
the quantum confinement region and can be regarded as a 3D
system. With the strain-induced AIAO ordering, we believe it
is reasonable to compare the PIO film with the NIO bulk. The
PIO film also shows similar hysteretic behavior (Figure 4a),
which disappears at 15 K (Figure 4b and Figure S8b, Supporting
Information). Above 15 K, the TMR become positive and linear.

Specifically, in the hysteretic loop seen in the TMR data
(Figure 4a), the p,, for the field-decreasing process (blue lines)
is larger than that for the field-increasing process (red lines)
in the positive field region, with the opposite being true in the
negative field region. This hysteresis feature is the same as that
observed in the NIO single crystals,?®l and can be explained
by the unique configurations of the AIAO ordering in R,Ir,0,
As shown in Figure 1b, there are two degenerate magnetic
domains in the AIAO AFM state, that is, the all-in-all-out/AIAO
A domain and the all-out-all-in/AOAI B domain, which are
connected by the time-reversal operation.] Each of these two
domains can be aligned by the external magnetic field, applied
along the [111] or in the opposite direction.?*!l The hysteresis
loop at 5 K is shown in detail in Figure 4c. The butterfly-like

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Magnetotransport property of the PIO film. a,b) TMR in the PIO film measured at different temperatures: a) T< Tg and b) To < T < T*, respec-
tively. The blue and red lines are on field-decreasing process and field-increasing process, respectively. Inset in (b) shows the experimental configuration
of TMR. ¢) Magnified TMR result measured at 5 K in (a). d) Temperature dependence of the LMR. Inset shows the experimental configuration of LMR.
e) Temperature dependence of the TMR and LMR values at 9 T. f) Phase transition of the PIO film with temperature. —, +, w., and wo., are denoted as
negative component, positive component, with hysteresis, and without hysteresis for TMR.

hysteresis within 4.5 T indicates the multi-domain states.
Above 4.5 T, they can be aligned to a single domain state. Fur-
ther increasing the field will switch the spins, so the system is
transformed into the 3/1 state. The hysteresis behavior observed
in the TMR results indicates that AIAO ordering does indeed
develop in the strained PIO film (below 15 K), which is in good
agreement with our calculations (Figure 1d). Note that the local
Ir moments has been detected in the previous film sample,*
consistent with our results. Since our PIO film is about
=40 nm, which is far from the requirements for the Neutron
scattering measurements.[¥] Thus, we cannot use neutron scat-
tering to confirm the AIAO AFM ordering in our PIO strained
film. More advanced techniques will be pursued in the future.
According to the mean-field calculation, the quadratic band
touching in LSM is very sensitive to the AIAO ordering, and
it could be in the magnetic WSM state with TRS breaking.
Hence, we further measured the longitudinal magnetoresist-
ivity (LMR: B || I) to detect the chiral anomaly associated with
the Weyl fermions. As expected, negative LMR without hyster-
esis is observed below 30 K (Figure 4d), which is considered
as a signature of the chiral anomaly of WSMs originating from
the charge pumping effect between the Weyl nodes (Figure S8c,
Supporting Information).1>24 At low field region, the LMR
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has a small positive component (Figure S8d, Supporting Infor-
mation), which is due to the weak antilocalization in the topo-
logical materials.”2!l Figure 4e summarizes the TMR and LMR
values at 9 T. Below 30 K (denoted by T%), the LMR (@ 9 T) is
always negative, while the TMR (@ 9 T) is positive and turns
to negative at 5 K with a peak around 15 K. This intriguing
TMR behavior might be understood in terms of the competi-
tion between the Lorentz force (positive component) and AIAO
ordering (negative component).

In the range of 15-30 K, the TMR (@ 9 T) is posi-
tive and increases with cooling indicating a paramagnetic
phase wherein the Lorentz force contribution is dominant.
Below 15 K (denoted by T,), AIAO ordering appears, so the
TMR (@ 9 T) starts to decrease with cooling. Below 7 K, clear
hysteresis is observed in the field-dependent TMR (Figure 4a)
and the TMR value at 9 T (Figure 4e) becomes negative,
demonstrating that the contribution of the AIAO magnetic
ordering is dominant below 7 K. As a consequence, coexistence
of the paramagnetic and AIAO phase is seen in the range of
7-15 K. The coexistence is implied in Figure S8b (Supporting
Information), where the TMR at 10 K shows a positive com-
ponent (0 < B < =3.0T, and =5.6 T < B), a negative compo-
nent (=3.0 T < B < =5.6 T), and hysteresis behavior. To show

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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the magnetic phase transitions with temperature for the PIO
film more clearly, a schematic phase transition is presented in
Figure 4f, based on the TMR results. It should be mentioned
that we did not observe the quantum oscillations in our PIO
film. That is because the mobility in the PIO system is very low
(single crystal:®% =10 cm? V! s7%; our film: = 0.74 cm? V! s71),
which is far from those observed in TaAs[" or STRuO;*! sys-
tems and the requirement for the quantum oscillation at few
Tesla (>10° cm? V1 §71).146#] Moreover, the PIO is known as a
heavy fermion system with strong hybridization between the
Pr 4f and Ir 5d electrons.l?® Its effective mass is also large so
that the oscillation conditions cannot be fulfilled.””] Hence, we
cannot observe the quantum oscillation in our film at few Tesla.
Further improvements of the film quality would be needed for
further quantum transport measurements in the future.

2.4. PHE in Strained PIO Film

Since the current jetting effect could also cause negative LMR, 8]
then negative LMR alone cannot confirm the chiral anomaly.
With this concern, we also performed PHE measurements
(Figure 5a) on the PIO film to exclude the current jetting and
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Figure 5. PHE in the PIO film. a) Schematic of the experimental configuration for PHE measurement. b—d) Angle (¢)-dependence of the 5y
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confirm the existence of the chiral anomaly!?#-53 and ATAO

ordering. The planar Hall conductivity, 0;;", for the PIO film in

the magnetic WSM state can be written as

Chiral
xy

AIAO
xy

PHE __

Oy

+0

1
where o™ and o4"° are the contributions from the chiral

anomaly and ATAO ordering, respectively. It is well known that

the 03™ can be written as

Chiral

O

(¢) = AC gyra sSin pcos ¢ )

where AGu, = 0 — 0y originates from the chiral anomaly.[*)

o, and gj are the conductivity when the magnetic field is per-
pendicular and parallel to the current, respectively. ¢ is the
angle between the magnetic field and the current.

As shown in Figure 5b, we cannot explain the observed PHE
result based only on the typical chiral anomaly, which has a
simple sin 2¢ dependence in Equation (2) (blue dashed line in
Figure 5b). As demonstrated earlier in the magnetotransport
results, the strained PIO film can have AIAO ordering. Then,
in the pyrochlore lattice, a higher-rank magnetic multipole,
called the Aj-octupole (@,,,)P*** can be formed by the clusters
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ured at 2, 4, and 15 K with external magnetic field + 9 T, respectively. Equations (2) and (4) are used for the fitting. e) Temperature dependence of the
PHE coefficients arand in Equation (4), which originates from the chiral anomaly and AIAO magnetic ordering, respectively. f) Renormalization group
analysis for the chiral anomaly (@) term due to the correlation effect. Renormalized fitting function (blue solid line): f (x) = AT + BInT + C.A, B, and C

are constants. The inset shows the strong InT component in o
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of spins. Even though AIAO ordering does not carry any dipole
moments, an A,-octupole can induce the orthogonal magneti-
zation M, when the magnetic field is applied.’¥ Note that the
direction of the orthogonal magnetization is perpendicular to
the field.

Thus, in addition to the chiral anomaly, the orthogonal mag-
netization can make an additional contribution to the PHE.
Considering the contribution from the orthogonal magnetiza-

tion, the 0, in the P10 film can be written as

2

w iz .
ouw’(¢)=0; H singcosg+0, 1"2Y H*sin4¢ (3)

where 03 and o, are constants, H is the magnetic field, and
@, is the Aj-octupole moment. The first term is derived

from the chiral anomaly, while the second originates from
2

the AIAO ordering. By setting two parameters ¢ = % and
2
O4Wiz 114
=———H", we get
P="% §
O.ngE (¢,) - nyhiral + O'Q,IAO = o sin 2¢+ ,Bsin 4¢ (4)

where we denote oz and S as the chiral anomaly and A,-octupole
induced PHE coeflicients, respectively.

The experimental oy'" and fitting results are shown in
Figure 5b-d (for more details, see Figures S9-S11, Sup-
porting Information). Clearly, below T, = 15 K, fitting with
the chiral anomaly and AIAO ordering (Equation (4)) is excel-
lent, and much better than that only with the chiral anomaly
(Equation (2)) (Figure 5b and Figure S11, Supporting Informa-
tion), demonstrating that the AIAO ordering has been developed
in the PIO film. The variation between the fitting (Equation (4))
and experimental data (Figure 5b—d) could result from the
spin fluctuation. In the range of 15 K (Tp) < T < 30 K (T%),
the magnetic ordering vanishes as S approaches 0 (Figure 5e),
indicating that AIAO ordering is developed below 15 K, con-
sistent with the TMR data (Figure 4f). The chiral anomaly exists
with a finite o value up to 30 K (Figure 5e), demonstrating
a WSM state is generated by the external magnetic field?’!
from the paramagnetic state (Figure 4f) in the range of 15 K
(To) < T < 30 K (T%). To check the reproducibility of our film
and experimental measurements, another reference sample
has been made. As expected, consistent results (for more
details, see Figures S12-S15, Supporting Information) has been
obtained from the new fabricated PIO film. Same conclusion
can be made as the one we described above. Besides, with the
combination of negative LMR and PHE results, we can confirm
the chiral anomaly with AIAO ordering and exclude the current
jetting effect in our film.

The temperature dependence of the PHE coefficient & can
only be understood by including the electronic correlation in
a WSM state.’®) Through a dimensional analysis, o3 can be
written as

232
o, 0 1 ()
h

2

where 7 is the Planck constant, e is the electron charge, v is the
Fermi velocity, 7 is the relaxation time, and u is the chemical
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potential. This result is consistent with previous report.?!! To
shed light on the temperature dependence of o3 (or @), we
need to study the temperature dependence of Fermi velocity vg,
relaxation time 7, and chemical potential y. The temperature
dependence can be obtained from a one-loop calculation in a
WSM with long-range Coulomb interactions.>®l

2

N+2
ve (T)=vgo (1+Ma0 lnh—A)

6
3 ksT ©)

o hA
and poc| 1+ —2Tln— 7)
Ty ksT
2
. € .
where N is the number of Weyl nodes, & =— is the
Vr
bare dimensionless coupling constant, and A is the cutoff
momentum. The transport relaxation time of a WSM with
long-range Coulomb interactions at low temperature can be
written asl®’]

2
Tocl+ (T ®)
3\ T;

where Ty is the Fermi temperature. Hence, for small coupling
2

and low temperature, the temperature dependence of ¢ = o.H

in the correlated WSM state can be approximated to

o0 <AT+BInT+C ©)

where A—C are constants, and the In T and T terms arise from
the renormalization of the Fermi velocity and chemical poten-
tial, respectively (for more details of the analysis of PHE, see
Supporting Information.) As shown in Figure 5f, the experi-
mental data are in excellent agreement with the renormaliza-
tion group calculation, demonstrating the renormalization
effect of the electronic correlation in the WSM state. A strong
In T component is obtained in « (see inset of Figure 5f), which
indicates the enhancement of Fermi velocity with long-range
Coulomb interactions.”® A similar renormalization effect due
to the long-range Coulomb interaction has only been reported
in graphene,'"*®>% which is a 2D Dirac system. Our results
indicate the emergence of a correlated WSM state renormal-
ized logarithmically (see Figure le) due to long-range Coulomb
interactions. Note that this correlated WSM state requires both
the ATIAO ordering and semimetal state for pyrochlore iridates.
Unfortunately, no known pyrochlore iridate material can hold
both conditions intrinsically. Thus, strain is the crucial para-
meter to induce the correlated WSM state in PIO.

3. Conclusion

A novel correlated magnetic WSM state can be achieved in the
strained PIO film, consistent with the theoretical calculations.
Moreover, the temperature dependence of the chiral anomaly
induced PHE coefficient, ¢, can be attributed to the electronic
correlation in WSMs that renormalizes the Fermi velocity and
chemical potential. Strain-induced “bulk-absent” magnetic
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ordering in PIO film lead to the correlated WSM state, which
provides a route for strain-engineering of the CTPs in R,Ir,0;
According to the mean-field calculation, an axion insulator
and strong TI can be produced by larger strain in PIO, which
demonstrates that the PIO system is a promising platform for
exploring CTPs. Furthermore, this work highlights the inter-
play of strain, topology, and magnetism in correlated systems,
which would promote future investigations on correlated topo-
logical nontrivial states in other quantum systems.

4. Experimental Section

Self-Consistent Mean-Field Calculations: The Hubbard model for
the strained PIO thin film was performed, acquiring the ground state
and electronic structures by the self-consistent mean-field method.
24 X 24 X 24 and 32 x 32 x 32 k-point mesh was adopted and it was
confirmed that the results were consistent. More details can be found in
Supporting Information.

Theoretical Estimation of PHE: A general form of o%'® was found by
considering the Onsager's reciprocal relation and cubic symmetry. Since
the system was antiferromagnetic and carrying a higher-rank magnetic
multipole, the specific form of o'E was estimated with an orthogonal
magnetization, which arises when the higher-rank multipole couples
to the magnetic field. Through dimensional analysis, the coefficients of
the chiral anomaly and orthogonal magnetization-induced PHE were
predicted. The temperature dependence of the chiral anomaly-induced
PHE coefficient o was obtained through a one-loop calculation in a
WSM with the electronic correlation effect. More details are provided in
Supporting Information.

Sample Fabrication and Characterization: The PIO (111) epitaxial films
were fabricated on commercial YSZ (111) single crystal substrates via a
modified solid phase epitaxy (SPE) method. Initially, an amorphous PIO
film was deposited at 600 °C by pulsed laser deposition using a 248 nm
KrF laser, while the amorphous layer was deposited at room temperature
using the conventional SPE method. The laser fluence and repetition
rate were fixed to =1.5 | cm~2 and 5 Hz, respectively. The oxygen pressure
of the chamber was set to 50 mTorr. After deposition, the PIO films
were crystallized by post-annealing in a partially sealed tube with IrO,
powder aside. The post-annealing process was performed in a box
furnace in air at 1000 °C for 1 h. The PIO and IrO, targets, used for the
film growth, were prepared by the conventional hot-press method. More
details of the sample growth are shown in Supporting Information. After
the crystallization, all films were characterized by a D8 Discover high-
resolution diffractometer (Bruker), operated at 40 kV and 60 mA.

Transport Measurements: The transport properties of the PIO (111)
epitaxial films were measured using the standard four-probe method
in a commercial Quantum Design physical property measurement
system (PPMS) equipped with a 9 T superconducting magnet. A Ti/Au
(10/60 nm) bilayer was deposited as electrodes by thermal evaporation,
with the Hall bar geometry (Inset of Figure 3a). Al wires were used to
connect the samples and PPMS pucks. Special attention was paid
to align the sample on the PPMS puck that has the rotation option.
During the measurements, 10 PA current was applied along the [110]
direction. The planar Hall resistivity and conductivity were obtained by

pPHE(B)+pPHE(_B) pPHE .
PHE D0 70 Py L 0 and oPHE=—— "% respectively.
Py 2 T R (plE P

More experimental results and details are shown in Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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