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We study possible Weyl semimetals of strongly-correlated electrons by investigating magneto-
transport properties in pyrochlore RoIroO7 (R=rare-earth ions), choosing three types of R ions to
design the exchange coupling scheme between R 4f and Ir 5d moments; non-magnetic Eu (4f6)7
isotropic Gd (4f7), and anisotropic Tb (4f%). In the doping-induced semimetallic state, distinctive
features of magnetoresistance and Hall effect are observed in R=Gd and Tb compounds due to the
effects of the exchange-enhanced isotropic and anisotropic Zeeman fields, respectively, exemplifying
the double Weyl semimetal and the 2-in 2-out line-node semimetal as predicted by theories. In par-
ticular, a Hall angle of R=Gd compound is strongly enhanced to 1.5 % near above the critical doping
for the Mott transition. Furthermore, an unconventional Hall contribution is discerned for a lower
doping regime of R=Gd compound, which can be ascribed to the emergence of Weyl points with
the field-distorted all-in all-out order state. These findings indicate that the hole-doping induced
Mott transition as well as the characteristic f-d exchange interaction stabilizes versatile topological
semimetal states in a wide range of material parameter space.

INTRODUCTION

The correlation between magnetism and topological
electronic states has been one of the most important
themes of the modern condensed matter physics ﬂ, E]
A magnetic Weyl semimetal (WSM) possesses crossings
of non-degenerate bands with linear dispersion under the
breaking of time-reversal symmetry with magnetic order
[3]. Notably, the crossing (Weyl point) can be viewed as a
magnetic monopole of Berry curvature in the momentum
space, proven to yield salient magnetotransport proper-
ties M] Prominent example is the intrinsic anomalous
Hall effect (AHE) [5]. Recent enormous efforts on this
subject reveal that the position of Weyl points relative
to the Fermi energy Er is intimately related to the size
of AHE, revealing astoundingly large AHE in a variety
of magnets ﬂaﬁ] Despite such remarkable findings, the
role of electron-correlation as a source of magnetism in
topological electronic states remains elusive. In particu-
lar, the emergence of the magnetic topological states over
the electron-correlation induced metal-insulator transi-
tion (MIT) [10] has seldom been explored.

Pyrochlore oxide A;B307 is known to host exotic
quantum magnetic ground states ﬂﬂ], and recently pro-
posed to host topological electronic states for iridium ox-
ides RyIryO7 (R being rare-earth or Y ions) [3]. The
merit of pyrochlore oxides is that the effective electron
correlation U/W and the band filling n (=1-d, § be-
ing hole-doping) can be tuned by varying A-site ions
in a similar manner to perovskites HE] For instance,
RyIr;O7 with a smaller ionic-size R shows an effectively
larger bending of Ir-O-Ir bond angle and hence leads to a
smaller one-electron band-width W; thus the R-ion size

is a good indicator of the inverse of the effective elec-
tron correlation U/W, as shown in Fig.1(a). Among a
variety of RslroO7, R=Pr compound, which is charac-
terized by the largest R ionic radius, is found to pos-
sess a quadratic band touching (QBT) of spin degener-
ate valence and conduction bands near Er in the para-
magnetic metal (PM) phase (see Fig. 1(b)) [12]. Since
the QBT is protected by the cubic crystalline symme-
try and the time-reversal symmetry, it is expected to
be robust against the perturbation as far as the sym-
metry is kept intact. Such an electronic state is termed
Luttinger SM or QBT SM that is theoretically antici-
pated to be converted to versatile topological states by
symmetry-breaking procedures [13, [14]. Figure 1(b) dis-
plays a schematic picture of the electronic band mod-
ulation across Mott transitions. The strong Hubbard
repulsion U brings about the antiferromagnetic-like all-
in all-out (ATAO) type magnetic order (depicted in the
inset in Fig. 1(a)), and lifts the band degeneracy of
QBT, leading to the emergence of WPs along the high-
symmetry axes ﬂ, @], termed ATIAO WSM hereafter.
Although WSM is generally robust against the perturba-
tion, WPs in this system emigrate towards the Brillouin
zone boundary with increasing U/W or the magnetic or-
der parameter m. Consequently, with a tiny increase of
U or m, WSM undergoes the pair annihilation of WPs
at the zone boundary and turns into a gapped insulat-
ing state (Fig. 1(b)), hampering the observation in the
momentum space. In spite of such difficulty, intensive
studies on R=Nd and Pr compounds have unveiled a
number of emergent transport phenomena such as un-
usual Hall effect ﬂﬁ, ﬂ], magnetic field-induced MITs

|, and anomalous metallic states on the magnetic
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domain walls in the ATAO stateﬂﬂ, @], which are all un-
derstood in the context of underling or incipient WSM
sttaes induced by the time-reversal symmetry breaking
(Fig. 7 in Appendix).

On the other hand, RyIroO7 with smaller R ionic ra-
dius are not QBT-SM but fully-gapped insulators be-
cause of larger U/W (Fig. 1(a)), and thus have been con-
sidered to be no longer related to topological semimetallic
state ] However, recent studies demonstrate that the
hole-doping by the chemical substitution of trivalent R
ions with divalent A ions turns them into PM statem
] in which, remarkably, QBT-SM can ubiquitously sub-
sist even if the chemical substitution introduces some
disorders ﬂﬁ] In this sense, the hole-doped R2Ir,O7 of-
fers a fertile playground to study the correlation between
magnetism and topological electronic states, since car-
rier doping can tune the position of the QBT node with
respect to Er, and moreover, a variety of local R-4 f mag-
netic spins, which strongly affect itinerant Ir-5d electrons
through the f-d coupling, are available in this pyrochlore
system.

RESULTS
Hole-doping induced insulator-metal transition

In this work, we choose three R ions to study the
role of R magnetic moment in the magnetic-field induced
modification of QBT state; nonmagnetic R=Eu (4f°),
isotropic R=Gd (4f7), and Ising-type R=Tb (4f8). We
synthesized high-quality polycrystals by utilizing high-
pressure apparatus which promotes the pyrochlore-lattice
formation while keeping the right stoichiometry of com-
pounds. Employing the growth condition described else-
where HE], we obtained the hard and dense samples suit-
able for the systematic transport measurements. As for
the chemical substitution of trivalent R ions with divalent
A ions, we found that A=Ca (Cd) is suitable for R=Eu
and Tb (Gd) in the light of the ion-size matching. It al-
lows us to examine the hole doping effect while suppress-
ing other contributions such as the A-site doping-induced
change of bandwidth or disorder. Zhu et al. demonstrate
that the Ca-doping to Y2IroO7 enhances both metallic-
ity and ferromagnetism [26]. They found that the tem-
perature dependence of resistivity shows a minimum at
around 100 K for the high-doped metallic sample, which
is somewhat different from our result as shown below. We
speculate that it is due to the mismatch of A-site ionic
radius. Since the Ca ionic radius is much larger than that
of Y ions, the Ca doping modifies the effective bandwidth
via the change of Ir-O-Ir bond angles, and thereby brings
about the resistivity minimum at around 100 K, which is
also observed in EusIroO7 under the hydrostatic pressure
above 7.88 GPa [2)].
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FIG. 1. (color online). (a) Phase diagram of R3Ir;O7 as func-
tions of rare-earth ionic radius, divalent-ion concentration,
and temperature. PI stands for paramagnetic insulator, PM
stands for paramagnetic metal, ATAO stands for all-in all-out
state, and WSM stands for Weyl semimetal. (b) Schematic
picture of modulation of electronic band structures as a func-
tion of electron correlation U and hole doping . QBT stands
for quadratic band touching.

(Gdl_mCdm)21r207 and (Tbl_mCam)QIrQO% which
corresponds to the nominal hole-doping J, both exhibit
the systematic reduction in resistivity pz, as well as
in Ty that shows up as a kink of p,, in accord with
the anomaly in M. They turn into PM at sufficiently
large x, although the resistivity slightly increases below
20 K as shown in Fig. 2. The results including T
are summarized in the phase diagram, Fig. 1(a).
Incidentally, the upturn of p,, at low temperatures
in (Tbl,xCaz)QIrgO7 and (Gd1710d1)21r207, which
is absent in (Eu;_,Ca,)2Ir207, is due perhaps to
the strong magnetic coupling between itinerant Ir
electrons and localized R moments which produces
incoherent carrier-electron scattering @, @] Since
pze value of (Eug.goCap10)2IraO7 is close to those of
(Gdo.88Cdo.12)2Ir207  and  (Tbg.g5Cag.15)2Ir207,  the
similar electronic states that host QBT at I' point
are anticipated to be realized in hole-doped analogs of
both R=Gd and Tb compounds, which is corroborated
by magnetotranport measurements described in the
following.

Magnetotransport of metallic R compounds

Having thus realized the QBT state in various mag-
netic (R1—,A;)2Irs07, we study the magnetic field de-
pendence of p,, and Hall resistivity p,, in Fig. 3.
(Eug.90Cag.10)2Ir207, whose R-site ion is non-magnetic,
shows little magnetic field dependence of p,, (Fig. 3(a))
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FIG. 2. (color online). Temperature dependence of resistivity
for (Eui—5Cagz)2Ir207 (=0, 0.10), (Gd1-2Cdy)2Ir207 (z=0,
0.12), and (Tbi—»Caz)2Ir207 (=0, 0.15).

and py, apart from the normal Hall effect (Fig. 3(b)).
On the other hand, negative magnetoresistance is clearly
observed for (Tb;_, Ca, )2IraO7 with =0.15 in Fig. 3(c),
indicating the coupling between the conduction elec-
tron and R-ion moment. More importantly, p,, shows
a complicated magnetic-field profile especially at 2 K
(Fig. 3(d)); as the field increases, py, abruptly increases
with a maximum around 1 T, and subsequently plunges
to the negative value, changing the sign at 7 T. To
identify the origin of non-monotonic Hall responses for
(Th1_,Cay)2lraO7, we examine those of well-oriented
single crystal ProlroO7 which is well characterized by
QBT SM state at zero field and zero doping (8§ = 0) [12],
and an Ising anisotropy of R moment similar to the Tb
one. Figure 3(e) and 3(f) display pys and py, of ProlreO7
(single crystal) respectively, as a function of the mag-
netic field along [001] axis which favors 2-in 2-out state
as depicted on top of Figs.3 (c), (¢). Both p;, and py,
are qualitatively similar to those of (Tb;_,Ca,)2IraO7
(2=0.15). A former study combining transport measure-
ments on (Nd,Pr)sIrsO7 and theoretical calculation sug-
gests that the magnetic field can modulate the electronic
state into the line-node SM (LSM) depicted in the middle
panel of Fig.2 via the magnetic stabilization at the 2-in
2-out state ﬂﬁ] Thus, the close similarity of p,, and py,
in the two compounds with similar Ising anisotropy of R
moments implies that the LSM can be also realized in
(Thy_,Cay)2IraO7 polycrystals at high fields where the
2-in 2-out configuration is dominant.

On the other hand, a very different trend of p,, and p,
is observed in (Gd;_,Cd,)2Ir207 (2=0.12). Especially,
at the lowest temperature 2 K, p,, markedly decreases
by half at 14 T (Fig. 3(g)) while the absolute value
of negative p,, increases rapidly. This anomalous Hall-
like behavior in the originally paramagnetic but field-

magnetized state can show the large p,, value, 20 times
larger than that of R=Eu compound (Fig. 3(h)), and
the observed value of the Hall angle is as large as 1.5 %.
For instance, the Hall angle of ferromagnetic oxides such
as SrRuOs [32] and (La,Sr)CoOs [33] is approximately
0.9 %, and that of isostrural ferromagnet NdsMogO7
with the 2-in 2-out scalar spin chirality is about 1.3 %

]. Such a large Hall effect can point to a substantial
Berry-curvature contribution near Er in the momentum
space. Oh et al. theoretically show that the uniform mag-
netic field along [001] crystalline direction lifts the band
degeneracy into two Weyl points hosting the monopole
charge £+2 on [001] momentum axis, as depicted on top
of Fig.3 (g) (and in Fig. 7, Appendix) [35]. It is termed
double-Weyl semimetal (DWSM). Apparently, this situa-
tion cannot be caused by a simple external-field-induced
Zeeman splitting; if so, the R=Eu compound would show
the similar effect, but not in reality (Fig. 3(b)). The suf-
ficiently large exchange splitting of QBT is only driven
by the f-d exchange coupling from six nearest-neighbor
Gd spins which are easily aligned by external fields (Fig.

4(a)).

Magnetotransport across the filling-control-induced
metal-insulator transition in (Gdi—;Cdg)2Ir207

In order to gain deeper insight into the possible
topological-state change in (Gd;—_,Cd,)2IroO7, we imple-
ment a precise investigation on magnetotransport prop-
erties across doping-induced Mott transition. Figure 4(b)
shows the temperature dependence of p,, for several
(Gdy-,Cd;)2IraO7 compounds with varying x. Accom-
panied by the decline of p,s;, T, which is indicated by
arrows in Fig. 4(b), is gradually suppressed with increas-
ing  and no longer discernible for z > 0.10. The temper-
ature dependence of M for several z is displayed in Fig.
8, Appendix. At £=0.07, M in the field-cooling process
clearly deviates from that in the zero-field-cooling pro-
cess below Tx at which p,, shows a kink. The deviation
disappears down to 2 K for x=0.12, although the upturn
of py, subsist. The upturn of p,, is also observed in Ca-
doped NdaIraO7 below 20 K [27], and attributed to the
ordering or freezing of the Nd magnetic sublattice which
is observed by muon spin resonance @] Figures 4(c-
j) show the magnetic field dependence of M and p,, at
2 K for various compositions near the Mott transition,
ranging from the x=0.07 compound, which undergoes
long-range ATAO order below T, to the paramagnetic
semimetal x=0.12 compound. As shown in Figs. 4(c)-
(f), M increases monotonically with increasing field and
finally saturates at high fields for all compositions. The
saturated M values are consistent with those expected
from fully-aligned Gd spins as depicted by dashed lines.
The critical magnetic field, which is required to reach the
saturated M, gradually becomes smaller as z increases;
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are displayed on top of respective windows.

it is roughly 11 T for x=0.07 while 8 T for z=0.12. It
is presumably because the ATAO-type antiferromagnetic
correlation of Ir moments in the small z region competes
with the collinear alignment of Gd moments via the f-d
coupling. Figures 4 (g-j) display py. at 2 K as a func-
tion of the magnetic field. Interestingly, p,, for =0.07
shows a nonmonotonic field dependence that is explic-
itly distinguished from the usual AHE (Fig. 4(g)). As
the field increases, p,, increases with a broad maximum
around 3 T, and then markedly decreases with the sign
reversal. Finally p,, decreases modestly above 11 T at
which M is saturated. This characteristic field depen-
dency at 2 K fades out into the monotonic change as the
temperature is elevated (see Fig. 9 in Appendix). On
the other hand, py, for £=0.12 monotonically decreases
and saturates at around 8 T, seemingly in proportion to
M (Fig. 4(j))-

To understand this behavior, we employ the fitting
function which is conventionally used for ferromagnets,
expressed as p;j; = RoB + poRsM, where Ry is the nor-
mal Hall coefficient and Ry is the anomalous coefficient.
The Hall conductivity o, values for 0.07 < z < 0.20
taken at 14 T, i.e. presumably in the DWSM state, fairly
well satisfy the relation that o4, oc 01 (Fig. 5), which is
empirically known for the intrinsic anomalous Hall effect
in the large-scattering regions, e.g. 0., < 10* S/cm ﬂﬁ]

Conversely, this indicates the common origin, i.e. the
anomalous Hall effect characteristic of DWSM, for the
high-field o, irrespective of x or o, value. Thus we use
Ry = Sup%} with the scaling coefficient Sy. The solid
lines in Figs. 4 are fitting curves p‘g; which reproduce
Py’ in the field-induced Gd-spin collinear region, i.e. at
high magnetic fields. While piP of x=0.12 is well fit-
ted with the above relation over the entire magnetic field
range, those of other compounds in Figs. 4, which take
ATAO states at zero field, show clear deviations from the
fitting curves at low fields. The deviation becomes larger
as temperature decreases (Fig. 10, Appendix). The ob-
served p,, should reflect the variation of the electronic
states through the change of the magnetic configurations.
At low fields, Ir spins form the ATAO type magnetic or-
dering configuration. As the field increases, Gd spins
gradually point to the field direction and force Ir spins
to align in a parallel manner through the f-d exchange
interaction, resulting in the breaking of the AIAO pat-
tern accompanied with the remarkable change of p,, and
Py at high fields. In this regard, the origin of the devia-
tion can be ascribed to the emergence of WPs with ”dis-
torted” ATAO magnetic state. Note here that the ATAO
maintains the cubic crystalline symmetry, and hence the
net Berry curvature integrated over the Brillouin zone is
canceled out in the ideal ATAO WSM. However, when
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the Weyl vectors connecting a pair of WPs are deformed
by the Zeeman field, the Hall response can show up to a
considerable value, as demonstrated in NdsIroO7 under
pressure [17] or epitaxially-strained film [38]. Hereafter
we define the deviating part Apy, = ppP — pf;; as a con-
tribution of Berry curvature in ATAO WSM.

DISCUSSION

To clarify the nature of the observed Hall effect in
(Gdy_;Cdy)2IrsO7, we summarize the comprehensive re-

sults of p,; and py, in contour mappings along with the
phase diagram in Fig. 6. We firstly show the phase dia-
gram with the contour plot of p,,. in the plane of tempera-
ture and Cd concentration z in Fig. 6(a). As x increases,
Tn systematically decreases and disappears at around
2=0.10. Concomitantly, p,, significantly decreases by
several orders of magnitude down to ~1 m{) cm in the
PM phase as discussed in Fig. 4(b). Figures 6(b) and
6(c) display the contour plot of the Hall angle pyu/pss
at 14 T and the Ap,, scaled with pl:# at 4 T, which
are anticipated to represent the Hall responses from the
DWSM and the ATAO WSM state, respectively. Both
signals are enhanced at low temperatures, suggesting
that the magnetic coupling between Gd-4 f and Ir-5d mo-
ments plays a vital role in the magnetotransport. As x
increases, the Hall angle py,/pze at 2 K and 14 T in-
creases steeply, reaches a maximum of 1.5 % at z=0.12,
and mildly decreases yet sustains 0.7 % at 2=0.20 (Fig.
6(b)), which is far beyond the value of (Tbh;_,Ca,)2IrsO7
which exhibits 2-in 2-out LSM. Such a large Hall effect
is attributable to efficient Berry-curvature generation in
DWSM phase that host a pair of WPs with monopole
charges of +£2. In addition, it can be also augmented
by the strong magnetic interaction between conducting
electrons and local moments that can manifest itself as
the upturn of py, (Fig. 2). On the other hand, a fi-
nite value of Ap,,/p%+ at 4 T (Fig. 6(c)) extends over
the large area of ATAO phase (z < 0.10). It is in sharp
contrast to the ATAO WSM phase at zero field for the
undoped case of (Nd,Pr)sIroO7, which is constricted in
the narrow temperature window, i.e., within ~2 K just
below Ty [17]. According to theoretical calculation E],
the WPs in ATAO WSM move away from [111] or equiva-
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lent high-symmetry axes under the uniform Zeeman field
which breaks threefold rotation symmetry. Consequently
the pair annihilation is prevented in the broad parame-
ter region, leading to the expansion of WSM phase as
discussed for the case of (Nd,Pr)qIr,O7 [20]. In short,
as seen in Fig. 6, the compounds undergo the critical
transformation from the ATAO WSM to the QBT SM
at zero field as well as to the DWSM under the fully
aligned Gd moments, as the hole doping proceeds across
the Mott transition point (z ~0.10). Here we note that
the divalent ion substitution introduces some disorders
to the system and could affect the topological electronic
states, although the topological system is basically ro-
bust against them. In fact, Ref. | demonstrates that
the QBT state, which is realized in the presence of cu-
bic symmetry, exhibit unique Seebeck effect even in the
heavily doped compounds. Thus we speculate that the
topological states including magnetic ones sustain in the
doped systems as well. The robustness for the topological
state against chemical disorder is an interesting question
and remains to be solved in the future study.

SUMMARY

We investigate the magnetotransport properties in the
course of hole-doping induced Mott transitions for py-
rochlore iridates R=Eu, Gd, and Tbh. We establish the
versatile phase diagrams of the topological states, includ-
ing the all-in all-out Weyl semimetal, the 2-in 2-out line-
node semimetal, the quadratic-band-touching semimetal
and the double-Weyl semimetal, as functions of R ionic
radius, temperature, magnetic field, and the band fill-
ing (hole doping). Among them, (Gd;_,Cd,;)2Ir2O7 ex-
hibit characteristic Hall effects which point to the differ-
ent Berry-curvature generations in the two distinct topo-
logical semimetals, i.e. the field-distorted all-in all-out
Weyl semimetal and the double Weyl semimetal. The
present work shows that the control of electron correla-
tion by tuning not only the bandwidth but also the band
filling can unravel the hidden topological semimetal state
or dramatically expand its stable region in pyrocholore
iridates where the field selection of the specific Weyl
semimetals (WSMs) is also possible via the exchange cou-
pling between the rare-earth 4f and Ir 5d moments.
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APPENDIX

Possible topological semimetal states with different
magnetic configurations

The electronic state of pyrochlore iridates in the para-
magnetic metal phase is predicted to host a quadratic
band touching (QBT) at I' point which is actually ob-
served by angle-resolved photoemission spectroscopyﬂﬁ].
Such an electronic state is anticipated to be converted
to versatile topological states by symmetry breaking, as
predicted in some theories E, @nﬁ: @, @, @] Figure 7
displays a representative example for the electronic band
modulation with magnetic ordering patterns. In the case
of 2-in 2-out type magnetic configuration, the line-node
semimetal (LSM), which possesses a pair of Weyl points
(WPs) along [001] direction and a line node in k, plane,
can be stabilized. On the other hand, three pairs of WPs
show up when the 3-in l-out type magnetic pattern is
realized. Furthermore, the exchange field of collinearly-
aligned R spins (or extremely large Zeeman field) can
give rise to the double Weyl semimetal that host a pair
of WPs with monopole charge of +2.
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structures with different magnetic ordering patterns stem-
ming from the quadratic band touching semimetal at zero
magnetic field in Fig. 1(b). From top to bottom, line-
node semimetal (LSM) with 2-in 2-out magnetic state, Weyl
semimetal (WSM) with 3-in 1-out magnetic state, and dou-
ble Weyl semimetal (DWSM) with collinear magnetic state.
On the left side, respective magnetic ordering configuration is
shown. The middle column display the distribution of Weyl
points and a line node in the Brillouin zone. The red and
blue circles denote Weyl points with different chiralities and
the purple line denotes a line node. On the right side, we
show the schematic band energy levels for respective elec-
tronic states. Red and blue squares (circles) denote Weyl
points with monopole charges of +1 (£2).

TRANSPORT AND MAGNETIZATION
PROPERTIES IN (Gdi—Cdy)2Ir207

Figure 8 shows the temperature dependence of resis-
tivity and magnetization for various (Gd;—_,Cd, )2IroO7.
For x=0.07, the magnetization in field-cooling process
(red lines) clearly deviates from that in zero-field-cooling
process (blue line) at the magnetic transition tempera-
ture, at which the resistivity shows slight upturn. As z
increases, the transition temperature systematically de-
creases while the resistivity decreases. The anomaly is
no longer observed for x=0.12.
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FIG. 8. (color online). Temperature dependence of (a,c,e,g)
resistivity and (b,d,f,h) magnetization for (Gdi—5Cdg)2Ir207.
From left to right, the Cd concentration is x=0.07, 0.08, 0.09,
and 0.12. The vertical broken line indicates the magnetic
transition temperature.

Magnetotransport properties for hole-doped R=Gd
compounds

Figure 9 shows the magnetic field dependence of re-
sistivity, Hall resistivity, and magnetization for various
(Gdy-;Cd;)2IraO7.  For all compounds, the resistiv-
ity remarkably decreases with increasing field at 2 K.
The reduction of resistivity becomes smaller as the tem-
perature is elevated. Hall resistivity for 2=0.07 shows
non-monotonic behavior whereas the magnetization sim-
ply increases as discussed in the main text. Figure 10
shows the magnetic field dependence of experimentally-
obtained Hall resistivity (circles) and the fitting curve
(solid lines). The deviation of the data from the fitting
curve is explicit at 2 K. This behavior fades out as tem-
perature and z increases. For x=0.12, which is param-
agnetic metal down to 2 K, the Hall resistivity seems to
be proportional to the magnetization in the whole tem-
perature and magnetic field region, as shown in Figs. 9
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