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The frustrated magnet Nd,Ir,O;, where strong correlations together with spin-orbit coupling play a crucial
role, is predicted to be a Weyl semimetal and to host topological pairs of bulk Dirac-like valleys. Here we use

an external magnetic field to manipulate the localized rare-earth 4f moments coupled to the 5d electronic bands.
Low-energy optical spectroscopy reveals that a field of only a few teslas suffices to create charge-compensating
pockets of holes and electrons in different regions of momentum space, thus introducing a valley population shift

that can be tuned with the field.

DOLI: 10.1103/PhysRevResearch.4.023056

I. INTRODUCTION

Dirac materials are understood today in terms of com-
mon topological properties, although they encompass a vast
range of compounds with different underlying physical mech-
anisms, which bring on the low-energy Dirac dispersion [1,2].
These materials, be that two- or three-dimensional (2D, 3D),
host Dirac cones in their electronic band structure, in the bulk
or on the surface, where the conduction and valence bands are
degenerate at a discrete set of points in the Brillouin zone, and
disperse linearly around these points. Graphene is the most
famous 2D one, however, many more materials belong to this
family: Weyl semimetals such as TaAs [3], Mn3Sn [4], and
CoSi [5], the topological insulator Bi,Ses, for the spin-density
wave state of BaFe,;As; [6], and it has been predicted for the
pseudogap phase of the cuprate high-T; superconductors [7],
to only name a few. Recently, it has been proposed to use
these materials for a new type of electronics utilizing the Dirac
valleys, namely, valleytronics [8]. The main challenge towards
achieving this is valley polarization, the ability to selectively
control the different Dirac cones with external forces, such as
circularly polarized light or magnetic field.

Here we show that the pyrochlore iridate Nd,Ir,O; is a
new candidate for future valleytronics technologies. It has
been theoretically predicted to be a Weyl semimetal [9], thus
hosting distinguishable Dirac nodes. The sister compound
Pr,Ir,O; was experimentally reported to be a correlated Weyl
semimetal under external strain [10,11]. In our compound,
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the localized 4f electronic magnetic moments on the Nd
sites interact with the itinerant 5d electrons from the Ir. The
Ir electrons carry an effective pseudospin j = 1/2 due to
spin-orbit interaction and crystal field splitting. They order an-
tiferromagnetically (AFM) at Ty = 37 K in the noncollinear
all-in-all-out (AIAO) state with the Ir moments pointing in-
side or outside the tetrahedra, and create an exchange field
of Ag =6.5 K on the Nd sites. The Nd moments become
detectable at 7 &~ 13 K and are also arranged in the AFM
AIAO configuration. An open question concerns the influence
of the Nd moments on the Ir ones. Moreover, the effect of a
magnetic field could be amplified at the Ir sites by the strong
Nd moments and the f-d interaction [12].

We follow this approach, and use magneto-optical spec-
troscopy and magnetocalorimetry combined with mean-field
calculations to show that magnetic field of 7 tesla creates
charge-compensated pockets at the different Weyl nodes in the
Brillouin zone. This is due to the f-d interaction, where the Nd
magnetic moments are reoriented with the field and serve as
field boosters at the Ir sites, thus altering the band structure.
Therefore, it is possible to tune the valley populations with
modest fields. It has also been suggested lately [13] that this
material demonstrates unconventional free charge, based on
the quadratic in temperature dependence of the Drude spectral
weight without magnetic field. We comment on this inter-
pretation and explain this phenomenon in the framework of
charge-compensated Weyl points.

II. EXPERIMENTAL RESULTS

For the present experiments we used the single crystal of
Ref. [13]. We measured reflectivity at temperatures between 4
and 300 K at magnetic fields from O to 7 T along the (1,1,1)
direction. Optical conductivity spectra o;(w) obtained from
the reflectivity data (see Appendix A) are shown for 7 = 6 K
for different magnetic fields in Figs. 1(a) and 1(b). As the
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FIG. 1. Optical conductivity data. (a) Real part of the optical conductivity o, as function of energy for different magnetic fields at 7 = 6 K.
The main field effects are red shift of the spectra and the increase of the Drude component. (b) Same as (a) but for low energy. DC conductivity
data are presented as solid circles. Vertical dashed lines [(a) and (b)] mark the energy below which the fits are extrapolated outside our
measured data range. (c) Temperature evolution of the relative reflectivity at H = 7 T. R is the zero-field reflectivity and R = R(H) — Ry.
Above T ~ 13 K we are not able to detect any change with field. (d) Fits to the reflectivity data at O T (black) and 7 T (red) with Drude part

taken as constant with field (blue).

field is increased, the conductivity is rising and red shifting
throughout the low-energy range from 0 to 100 meV. Specifi-
cally, the Drude part is increasing. The strong spectral weight
increase of the interband transitions from 15 to 45 meV [see
Fig. 1(b)] brings up the question whether the increase in the dc
conductivity can partly be attributed to the tail of the enhanced
interband optical conductivity. When decomposing using the
Drude-Lorentz model, by construction there is no interband
contribution at zero frequency because of the mathematical
properties of the Lorentz component. That said, in a micro-
scopic calculation it is possible to have a nonzero interband
conductivity at zero frequency, provided that two or more
bands are overlapping and these bands cross right at the Fermi
surface. However, we will see below that such a scenario is
not supported by the electronic structure calculations. Some
peaks corresponding to phonons also exhibit an asymmetric
change with the field. To follow the temperature evolution at
constant field, Fig. 1(c) presents the relative change in the
measured reflectivity SR(H)/R(0) = [R(H) — R(0)]/R(0) at
H =7 T for temperatures from 4 to 30 K. Field response is
only observed below T =~ 13 K. This is expected, as the Ir
5d electrons carry a small magnetic moment of approximately
0.2 relative to the Nd 4f electrons with 2.4 as measured
by neutron scattering [15], where up is the Bohr magneton.
Nonetheless, one must bear in mind that optical conductiv-
ity is mostly sensitive to the itinerant electrons, i.e., the Ir
electronic bands. Thus, it must be deduced that the external
magnetic field indirectly influences the 5d bands via the 4f

moments, whose coupling to the former comprises the biggest
effect on their electronic phase. See Secs. III and IV for more
details.

Figure 2 presents the evolution of the Drude spectral
weight with field, a)ﬁ(H ). Going from O to 7 tesla the spec-
tral weight doubles. Thus, the free charge carrier density
increases with field, as also observed in transport [16,17]. DC
conductivity of our sample is presented as solid circles in
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FIG. 2. Drude spectral Weight at T = 6 K. The free charge car-
rier density doubles from O to 7 tesla, supporting the creation of
charge compensated pockets. Antiferromagnetic domain walls exist
until 2-3 tesla, as known from [14]. Error bars correspond to 1%
error of the reflectivity.
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FIG. 3. Simulation data. (a) Ir average magnetic moments as function of field. Black squares represent Ir pseudospin along the (1,1,1) field
direction, whereas red circles represent the other three Ir’s. (b) Illustration of the 4-in-0-out and 3-in-1-out configurations of the Nd moments.
The Nd atoms reside on the tetrahedron’s corners. (c) The first Brillouin zone with high symmetry points marked. (d) Illustration of two pairs
of Weyl points for H = 7 T in the I'L, L, plane. Orange plane represents the chemical potential. Small holes and electrons pockets are seen in
the two nonequivalent points L, and L,. (e)—(h) Band structure along I'L,; line for various fields, where a transition from Weyl semimetal to

Weyl metal is clearly observed.

Fig. 1(b). To further evaluate the free charge response to the
field, we compare in Fig. 1(d) the fits to the reflectivity data
at T =6 K for H=0 T (green dashed line) and H =7 T
(red dotted line). For the latter, we also present the fit while
constraining the Drude part to its value at O T (blue solid
line). The relative change in reflectivity due to the Drude part
comprises a major contribution in the low-energy regime. We
will later argue that this originates from valley population
shift.

Next we describe our results from specific heat mea-
surements under magnetic field. The data (see Appendix B)
confirm that the most probable scenario is that above 2-3 tesla
there is only one AF domain in our crystal. It consists of Nd
moments pointing towards the center of the tetrahedron, with
three of them pointing along the favorable field direction, i.e.,
having positive projection along (1,1,1). That configuration
is named 4-in-0-out (4-0) and illustrated in Fig. 3(b) on the
left panel. This result is supported by a previous study that
followed the evolution of domain walls in Nd,Ir,O7 [18]. We
extract the exchange field at the Nd sites exerted by the Ir
moments as a function of magnetic field Ag(H ). This effective
potential will be used in our model for the f-d interaction (see
Appendix C).

III. MODEL CALCULATIONS

To interpret the observed behavior, we conducted a
Hartree mean-field type calculation, following the tight-
binding Hamiltonian from Ref. [19], to which we added an
effective f-d interaction. To this end, we follow Chen and

Hermele [20], starting with a general term describing coupling
between Ir 5d electrons and Ising-like Nd moments pointing
in their local z axis:

Hg=3) ) fo[(ditx%Tﬁd@ wilm

{i,j) jeNd ielr
where £ is a Pauli matrix representing the jth Nd Ising spin,

d;x is a creation operator of 5d electron on the ith Ir site
with pseudospin o, o is a vector of Pauli matrices, and vj;
are vectors describing the symmetry allowed interaction, and
contain two parameters ¢; and c;. Next, we substitute 77 with
an average magnetic moment M, as described hereafter.

Using our specific heat data, we construct an expression for
the effective potential acting on the 4f moments. Taking into
account the Zeeman term, it is given by A;.(T, H) = A¢(H)+
agupH, where o is —1 for the Nd moment pointing antiparal-
lel to the magnetic field, and « = 1/3 for the other three. The
effective Hamiltonian for each Nd is Hyft = — A'(T, H)t5,
from which it is easy to calculate the average magnetic mo-
ment (M%) = tanh(w). Now, we can substitute £% in
Hpq with (M ;). All the parameters in the model, unless stated
otherwise, are given in units of the oxygen-mediated nearest-
neighbor Ir-Ir hopping, 79, as commonly used in theories for
pyrochlore iridates [19-21].

Figure 3(a) presents the evolution of Ir magnetic moments
with field. While the Nd moments flip from the 4-0 to the
3-1 configuration, the Ir moments do not flip with fields up
to 7 T. However, their mean-field average values are getting
smaller, indicating possible canting of the moments from the
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mission spectroscopy measurements, that showed bandwidth
— 0.15 narrowing with respect to LDA+U calculations. Nakayama
g etal. [17] reported 40 meV width of the occupied band next to
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FIG. 4. Simulated optical conductivity for U= 1365 eV,
¢; = 0.026 eV, and ¢; = —0.039 eV. The appearance of Drude spec-
tral weight and an overall red shift of the spectra qualitatively match
the experimental data. In order to match quantitatively, one needs
to = 0.26 eV, suggesting a factor of four mass renormalization of the
5d bands.

local z easy axis. Their initial configuration depends on the
f-d interaction type, ferromagnetic or antiferromagnetic, and
determined by the values of ¢ and c¢,. Nonetheless, both types
of interaction yield similar band structures qualitatively. We
present a cut along high symmetry line from the Brillouin
zone center I' = (0, 0, 0) to the edge L; = %(1, 1, 1) in units
of reciprocal lattice vectors. Figures 3(d)-3(g) present the
band structure evolution with magnetic field, starting from
Weyl semimetal at H = 0 to Weyl metallic phase at H > 0
with compensating charge pockets. While electron pockets are
created in the Weyl pair along the L; direction, hole pockets
are created in the other three pairs along the high symmetry
directions L, = %(1, —1, 1) and its cyclic variations.

IV. DISCUSSION

The magnetic field breaks the symmetry between the oth-
erwise equivalent positions in reciprocal space along the line
connecting I and L; the field serves as a knob for tuning the
valley population. Figure 3(d) demonstrates two inequivalent
pairs of Weyl nodes in the I'L;L, plane. One pair, hosting
electron pockets, is along the I'L; line and the other shifted
slightly from the I"L, line hosting hole pockets. The chemical
potential is presented as an orange plane. Previous study has
reported field-induced polarization of Dirac valleys in bis-
muth [22], based on the cyclotron motion of the conduction
electrons. In contrast, the valley polarization of Nd,Ir,O;
capitalizes on the magnetic structure of the Ir sublattice in this
compound and the amplifying effect of the Nd moments.

The corresponding optical conductivity for various fields
is given in Fig. 4. Qualitatively, the theory and the experi-
mental data agree: the simulation predicts the appearance of a
Drude spectral weight and red shift of the interband transitions
upon application of magnetic field. To match the experimental
data one needs 7o = 0.26 eV. From the dispersion shown in
Ref. [23] one can estimate #y = 1.3 eV, suggesting a factor of
four mass enhancement due to strong correlation effects not
captured by the single-particle tight-binding Hamiltonian and
the mean-field approximation. Energy renormalization of this
order due to strong correlations is common in transition-metal
oxides [24-26], and observed in SrlrO; [27] and in SryIrOy4

that also respond asymmetrically to external field. We mention
that similar behavior of band narrowing and electron-boson
coupling was observed in Pr,Ir,O7 [30].

One of the signatures of the valley imbalance at finite field
[Figs. 3(d) and 3(h)] is a Pauli blocking of the optical conduc-
tivity at low frequencies. The fact that the tilted Dirac cones
are three dimensional makes that the Pauli blocking shows
up as a gradual rise starting at 0.057p = 13 meV and ending
0.1z = 26 meV (and an additional one at about half that
energy). While such a gradual rise of the optical conductivity
could in principle be revealed by the reflectivity, the accuracy
obtained in the present study [especially below 30 meV, see
Fig. 1(c)] does not allow us to identify this feature in the
experimental data.

Recently some of us reported a T2 free carrier spectral
weight as expected for massless Dirac electrons, however, the
entropy counterpart did not show up in the specific heat [13].
A scenario of temperature-dependent charge-compensated
electron and hole pockets that for T = 0 touch at Er, and
overlap for finite temperature was dismissed because there are
no indications for this in the literature [9,19,31]. However, our
present magneto-optics data suggest precisely such a scenario.
In the absence of a magnetic field and at 7 = 0 the Ir 5d
bands form Weyl points at Er and the four Nd moments are
in the 4-0 configuration. At finite temperature the fraction of
excited moments is n(T) = 1/(e®/T — 1) ~ T /Ay where the
approximation is valid for T > A,. This creates a random ex-
change potential V, at the Ir sites, which statistically averages
out to zero, but its square has a finite average V> = Jj%dT2 /AR
where J¢; characterizes the fd exchange interaction. Substi-
tuting V, for the chemical potential i in Eq. (10) of Ashby
and Carbotte [32], we obtain for the free carrier spectral
weight wf) = 2gezlde2/(3n o A%), where g is the number
of Weyl points in the Brillouin zone and vy the Fermi velocity.
The only entropy involved is that of the Nd spin degrees
of freedom, which is already accounted for by the Schottky
anomaly.

V. SUMMARY AND CONCLUSIONS

In summary, optical spectroscopy reveals a red shift of the
interband transitions and an increase of the Drude spectral
weight in a magnetic field below 13 K. Mean-field calcula-
tions, taking into account interactions between the 4f and 5d
electrons using real measured values extracted from magne-
tocalorimetry, show that modest magnetic fields are enough
to alter the band structure, showing that the rare-earth Nd’s
serve as magnetic field boosters. The field creates charge
compensated pockets at the four pairs of different Weyl points
and induces valley population shift. While the model of val-
ley imbalance offers a plausible explanation that respects the
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overall charge neutrality of the system, we do not wish to
pretend that it is the only mechanism that could possibly
be at play here. The role of rare earth together with fields
of that scale as valley polarizers should be further studied
as one of the possible mechanisms for valleytronic devices.
Further experiments such as time domain THz pump probe,
Kerr rotation and nonlinear electromagnetics [14] are needed
to understand and manipulate the different Weyl points.
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APPENDIX A: MAGNETOREFLECTANCE
MEASUREMENTS

Magnetoreflectance measurements were performed in a
cryogenic magnet connected to Fourier transform spectrome-
ter. Hg and Globar lamps were used as light sources, together
with KBr beam splitter. The iris aperture was 2 mm. The
sample chamber inside the magnet is pumped to high vacuum
of about 10~% mbar. The sample and reference mirror were
mounted to a sample holder, which in turn was placed on a
motorized arm, thus allowing accurate movement between the
sample and the mirror alternatively while in the magnet. Light
reflected from the sample or the mirror was collected and
measured with a cryogenic Bolometer. The sample surface
is along the (1,1,1) crystallographic direction with area of
approximately 1 mm?. Reflectivity measurements were done
in near-to-normal incidence geometry. The system was cooled
down slowly to 4 K, and then warmed up to the desired
temperature. Magnetic field was applied along the (1,1,1)
direction from O to 7 T. In order to prevent misalignment and
mechanical movement errors, the sample was measured first
with different fields at constant temperature while being kept
stable at the same position. Only then was the mirror mea-
sured. To compensate for drift due to changes with time in the
light source and the Bolometer, the reference was measured
both before and after the sample had been measured. The
recorded signal, I(H ), was used to extract the field-dependent
reflectivity from the zero-field reflectivity via the relation
RH) = % - R(0). To obtain the dielectric function € (w) and
the optical conductivity Reo (@) = (w/4m )Ime(w) we fitted
the Drude-Lorentz expansion

e(w) —Goo+Z

— 2 .
wo, w* —iy;w

to the magnetoreflectivity (15-90 meV), the zero-field re-
flectivity (90-500 meV), the zero-field room-temperature

ellipsometry (0.5-2.5 eV) and the dc conductivity. For the
Drude term wy = 0.

APPENDIX B: SPECIFIC HEAT

Specific heat was measured using a PPMS®. First, the
thermometers were calibrated under all the desired magnetic
fields to correctly read the sample temperature. Next, the heat
capacity of the addenda, C,q4, wWas measured for each field,
including a small amount of vacuum grease used as glue and
thermal link between the platform and the sample. Finally,
the sample including the addenda were measured yielding C
from which the heat capacity of the sample alone is calculated
via Ceample (H) = Ciot(H) — Cyogq(H ). These values were con-
verted to units of JK?mol~! using the sample mass and the
compound molar mass. The exchange potential was calculated
from the specific heat data. The Nd ions occupy the corners of
a tetrahedron. We use the label j = 0 for the Nd atom on the
(1,1,1) corner, and j = 1, 2, 3 for the other three. The relevant
states for the specific heat form spin-orbital doublet polarized
along the local quantization axis, which for j = 0 is (1,1,1).
Magnetic order of the Ir sublattice induces an exchange field
at the Nd sites oriented along the local quantization axis. Two
types of domains are possible, which for a given tetrahedron
correspond to exchange fields either pointing all in (type 1
domain) or all out (type 2 domain). At low field these domains
alternate and are separated by domain walls. Here we found
that a field of 3 tesla suffices to favor one type of domain and
suppress all domain walls.

An external magnetic field H along (1,1,1) has a projection
f;H on the local quantization axis, where fo = 1, and for j =
1,2,3 f; = —1/3. Together with the local exchange field this
gives the energy splitting of the 4f doublet

Aj=oVy +gfjnsH,

where g = 2.4 is the gyromagnetic ratio of N
1(—1) corresponds to domains of type 1 (2).
The specific heat is

cr) _ d In(14+e2/Ty
T —bT",
kBT JX(;sX:I::l 1+eSA /T ta

&>, and o =

where the last two terms describe the phonon contribution. We
fitted this expression to the experimental specific heat data by
adjusting a, b, and V.

In Fig. 5 C(T')/T is presented for different magnetic fields
together with the fits, assuming o = 1 (type 1 domains). The
corresponding Ay and A; is shown in Fig. 6. The field-
dependent exchange coupling is given by Vr = 6.7 4 0.285H
in units of kelvin and with H in units of tesla.

Fitting the data with o = —1 (type 2 domains) or an equal
mixture of both types of domains, gives unreasonably high
values of V;r. With these parameters we calculate the ther-
mally averaged spin values of the Nd atoms

Aj
M?% = arctan | — |,
4 2T

which are inserted in Eq. (1) of the main text to calculate the
band structure in the presence the Nd exchange potential on
the Ir sites.
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FIG. 5. Specific heat data as function of magnetic field. The lines
are the fits to data with single type 1 domain.

APPENDIX C: ELECTRON BAND STRUCTURE

The electron band structure was calculated using the tight
binding Hamiltonian of Ref. [19] of the main text, which
describes electrons with pseudospin j = 1/2 having an on-site
Hubbard-U interaction, Hy, and the Zeeman term:

S 5 oY RSP
s, R (i, ])

+ Z diy, {1+ i[5} Rij + 63D;1 - o), drjs.  (C1)
)

Here lem creates an electron at unit cell R, at Ir site i with
pseudospin s, #1, 1, and t{, t;, t; are the NN and NNN hopping
amplitudes, respectively, o is a vector of the Pauli matrices
and d;;, R;;, D;; are real geometrical vectors. Mean-field de-
coupling of the Hubbard term gives

2U 4U .
Hy=Y" [T(JRJV — 5 Uri) '.]R,i:|,
R

with jr; = % Za,ﬁen,u d;{’[’aoaﬂdm.ﬂ the pseudospin opera-
tor. We add the f-d interaction term, as described in the main

H(T)
FIG. 6. Exchange potential at the Nd sites.

text, and solve with four mean-field parameters for the Ir
sublattice pseudospins. The complex optical conductivity is
calculated as follows:

q2 1BZ 3f ) i
— e oK) -v (R =2 )
o) =79 kZ]:Vu( ) Vi )< aek,j>w+ia

, 1BZ o
+le vj,m(k).vm,j(k)<—f“” f"*’")

K. jm Ek,m — &k, j
x T - 2)
a)(w + l(S) — (‘9k,m — Skyj)
where
AVim(K) =Y ur (), ()

nu

oH, ,(k
[P g
and d,, are the positions of the four Ir atoms in a unit cell
and u,, ,, are the matrix elements of the unitary diagonalizing
matrix of the Hamiltonian.
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