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Topological Hall Effect in Pyrochlore Lattice with Varying Density of Spin Chirality
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The three-site spin correlation, S; - (S; X S;) on the neighboring triangular sites i, j and k, termed
scalar spin chirality, can endow the conduction electron with a quantum Berry phase and resultant
transverse (Hall) transport. The paramagnetic barely metallic state was prepared in hole-doped Y,Mo,0,

with pyrochlore lattice using a high-pressure synthesis method, which is further endowed with the spin
chirality by partially replacing Y site with Tb (content x). The local spin chirality formed by the adjacent
three Tb Ising moments on the pyrochlore lattice can couple to the conduction electrons to give rise to the
topological Hall effect whose magnitude increases in proportion to x> or the density of the Th-moment

triangular clusters.
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Topological spin textures in solids can be a source of
emergent electromagnetic fields acting on the electron
system, thereby generating versatile intriguing magneto-
electronic phenomena [1]. One such example is the multi-
ferroic state as ubiquitously realized in the transverse
helical spin structure with the vector spin chirality
(S; X §;, i and j being the neighboring spin sites along
the propagation direction) [2,3]. Another good example is
the topological Hall effect as induced by the scalar spin
chirality which endows the conduction electron with the
quantum Berry phase. Here, the scalar spin chirality is
defined as the three-spin correlation, y;; =S;-(S; X S;)
on the neighboring spin-triad i, j and k. The conduction
electron whose spin is coupled with the background local
spins forming the spin chirality may experience the com-
plex value of transfer interaction whose phase factor is
proportional to y;j;. The fictitious magnetic field (Berry
curvature) caused by the Berry phase may induce a non-
trivial Hall motion of the conduction electron as termed
topological Hall effect (THE) [4-9].

The effect of Berry phase due to spin chirality is fre-
quently canceled out by the sum over the whole lattice sites
in real materials. However, when there are inequivalent
multiple loops in a magnetic unit cell, the Berry phase
curvature in the momentum space becomes nonzero with a
possible finite Chern number of each band [6,10]. The
topological Hall effect induced by this mechanism has
been observed for pyrochlore-structure compounds
Nd,Mo,0; [11,12] and Pr,Ir,O; [13], which certainly
have two inequivalent loops (hexagons and triangles) in
the pyrochlore-lattice unit cell. In this case, the THE is
described by the same theoretical scheme as in the case of
the intrinsic anomalous Hall effect (AHE) in which the
spin-orbit interaction can give rise to the Berry curvature in
the momentum space as well. The other contrastive view is
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due to the spin texture hosting the spin chirality, whose size
is larger than the lattice constant or the electron mean free
path (/). In this case, the spin chirality can give rise to the
real-space Berry curvature, viewed as the local effective
(fictitious) field acting on the hopping electrons around the
spin-chiral sites [S]. One such example is a topological spin
texture called skyrmion, in which the varying direction of
the spins wraps a sphere [14—18]. In the continuum limit,
the total spin chirality is proportional to the number of the
skyrmion. The electron moving over the skyrmion spin
texture acquires the Berry phase proportional to the sky-
rmion density [16—18]. Here, we present another generic
case for the valid real-space picture, where the diffusive
motion of the conduction electron with the mean free path
being comparable with the lattice constant is interacting
with the randomly distributed local spin chirality as de-
fined by the atomic-size spin triad. In this study, such a
situation is realized in barely metallic pyrochlores
(Yy-,-,Tb,Cd,),M0,0;, as derived from a Mott insulator
Y,Mo,0; by doping holes and Tb Ising moments on the
pyrochlore A-sites. The hole doping via the chemical sub-
stitution of Y** with Cd>* ions produces the paramagnetic
metallic state near the Mott transition, in which the
diffusive-motion carriers are coupled with the Tb-moment
triad forming spin chirality.

The pyrochlore R,Mo,0; (R being the trivalent rare-
earth ion, Fig. 1(a)] is composed of two sublattices (both
pyrochlore lattices) for R (so-called A sites) and Mo (B
sites) which are, respectively, displaced by a half unit cell.
A family of R,Mo,0O; locates near the metal-insulator
boundary [see Fig. 1(b)] because of the Coulomb correla-
tion of Mo 4d electrons; the two 4d electrons in nominally
Mo** state are accommodated in 1, states, one itinerant in
e, and the other localized in a,,, in the MoOj octahedron
[11]. As shown in Fig. 1(b), keen competition is present for
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FIG. 1 (color online). (a) Mo and rare-earth-metal ion (R3*)
sites in the pyrochlore-lattice structure. (b) The electronic phase
diagram for R,Mo,0; with variation of R-site ionic radius and
hole doping(Ca or Cd substitutions for A site). PI, PM, SGI, and
FM stand for the paramagnetic insulator, paramagnetic metal,
spin-glass (Mott) insulator, and ferromagnetic metal, respec-
tively. Solid lines represent the phase boundaries as experimen-
tally determined and dashed lines the expected phase boundaries.
(c) Scalar spin-chirality on two-dimensional kagome lattice. It
becomes nonzero only when the three neighboring sites are
simultaneously occupied by Tb moments.

the ground state between the ferromagnetic metal (FM)
and antiferromagnetic insulator; the latter forms the spin-
glass state due to the geometrical magnetic frustration on
the pyrochlore lattice. Typically in the FM state of
Nd,Mo,05, the ferromagnetically ordered spins due to
the double-exchange mechanism are slightly (by several
degrees [11]) canted with each other via the antiferromag-
netic exchange interaction between the Nd moment and
Mo 4d spin to host the spin chirality. The conduction
electron senses such spin chirality in the momentum k&
space and gains the quantum Berry phase. This is the
plausible scenario to explain the large (and unconven-
tional) anomalous Hall effect dominating the low-
temperature (< 40 K) response in Nd,Mo,0; [11,12].

In contrast to such a strong-coupling regime with the
spontaneous spin chirality and spin polarization, we may
seek for the weaker coupling regime [6,7] where the
ground state of the conduction electron state remains para-
magnetic. Back to Fig. 1(b), the Mott-insulating region
with R ion smaller than Gd, the paramagnetic insulator
(PI) or lower-temperature spin-glass insulator (SGI), e.g.,
in Y,M0,07, can be transformed to the paramagnetic
metal (PM) by hole doping or the decrease of the filling
of eg, electron band [19]. To realize such filling control, we

have partly (by 20% or 30%) substituted the Y37 sites with
Cd** ions, in the form of (Y,_,Cd,),M0,0; (y = 0.2,
0.3), which causes the Mott transition as expected (see,
for example, Fig. 2(b)] [19]. This doping-induced PM
phase is analogous to the diffuse PM state realized under
high pressures [20], in which the mean free path of the
conduction electron is comparable or even less than the
atomic spacing (Ioffe-Regel limit). Then, to further intro-
duce the scalar spin chirality that can regulate the conduc-
tion electron, we introduce the Ising-moment Tb?" ions
[21] on the Y sites, in a form of (Y,_,_,Tb,Cd,),Mo,0;
(y=0.2, 03) with varying concentration x(=
0-0.8,0-0.7). What we have anticipated is as follows:
The Ising Tb moment which directs or counterdirects
toward the center of the A site (Y, Cd, or Tb site) tetrahe-
dron couples to the conduction electron and hence plays a
role of applying a slanted internal effective magnetic field
on the Mo conduction electron. When Tb Ising moments
randomly substituting the Y sites can accidentally occupy
the three neighboring pyrochlore A sites to have the local
spin chirality, the conduction electron moving under an
influence of the effective molecular fields from the Tb Ising
moment should gain the quantum Berry phase, leading to
the topological Hall motion. The situation is schematically
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FIG. 2 (color online). (a) The x dependence of lattice constant
and magnetization at 14 T in (Y, _,_,Tb,Cd,),M0,0; (y = 0.3).
(b) Temperature dependence of resistivity (x = 0-0.7, y = 0.3).
(c) Temperature dependence of magnetization in the process of
field cool (solid lines) and zero-field cool (dashed lines) at
0.01 T. (d) Plot of the py/moH vs M/ uoH relation(x = 0, y =
0.2 and 0.3). Solid lines are fits by the least-square method.
(e) The magnetic-field dependence of Hall resistivity (x =
0-0.7, y = 0.3).
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drawn as mapped on to the two-dimensional kagome lat-
tice from the actual three-dimensional pyrochlore lattice
[Fig. 1(c)]; the marked triangles form the local spin chi-
rality which can endow the conduction electron with the
Berry phase. However, the Berry phase does not emerge
unless the triad (in the tetragon unit) is occupied simulta-
neously by three Ising moments [see Fig. 1(c)]. Thus we
anticipate controlling the density of the spin-chirality-
carrying triad via which the hopping conduction electron
can sense locally the Berry curvature.

The pyrochlore compounds (Y;_,,Tb,Cd,),Mo,0;
(x = 0-0.8; y = 0.2, 0.3) were prepared in a polycrystal-
line form by solid-state high-pressure synthesis. The mix-
ture of respective oxide materials (Tb,03, Y,05, CdO, and
Mo0O,) and Mo with the prescribed ratio was pressed in the
condition of 4.5 GPa and 1200 °C for 20 min. As shown in
Fig. 2(a), the magnetization at 14 T, that should be domi-
nated by the field-aligned Tb moments, is linear to the
prescribed Tb concentration x; thus the error bar of x is
estimated to be less than 0.02. The high-pressure procedure
not only promotes the pyrochlore-lattice formation but also
keeps the stoichiometry of the compounds with volatile
oxides and results in the hard dense sample suitable for
the transport measurement. The Ilattice constant of
(Y,-4-,Tb,Cd,),M0,0; (y = 0.3) with varying x obeys
the Vegard’s law as shown in Fig. 2(a), indicating the good
solubility of Tb ions to Y sites in the whole region of x [22].
Powder x-ray diffraction measurements indicated that all
the samples were single phase. The resistivity was mea-
sured with a 4-probe method and the Hall resistivity was
measured with a 5-probe method (PPMS, Quantum
Design). The magnetization was measured with a SQUID
magnetometer (MPMS, Quantum Design).

The paramagnetic metallic state in the hole-doped (Cd-
doped) Y,Mo0,0; was confirmed in the temperature de-
pendence of resistivity and magnetization (at 0.01 T) for
the x(Tb) = 0 compound, as shown in Figs. 2(b) and 2(c),
respectively. Even when the Tb moments are doped, the
resistivity does not much change; all the resistivities for
x = 0-0.8 are nearly temperature independent and con-
verging around 0.5-1.0 m{) cm slightly above the Ioffe-
Regel limit value (~ 0.5 m{) cm) [Fig. 2(b)]. The magnetic
susceptibility [Fig. 2(c)] shows the Curie-Weiss like be-
havior due to the presence of Tb moments, while not
showing any trace of the magnetic order. For these com-
pounds, the Hall resistivity (py) was measured; the
magnetic-field (H) dependence of py at 2 K is shown in
Fig. 2(e). With increase of the Tb content x, py shows a
large variation from positive to negative while increasing
the absolute magnitude.

Prior to the analysis of py in terms of possible topologi-
cal contributions caused by Tb doping, we should first
know the py behavior for Tb-undoped (x = 0) metallic
compounds, (Y;_,Cd,),M0,0; (y=0.2 and 0.3). As
exemplified for py for y = 0.3 in Fig. 2(e), the py vs H

relation shows the upward convex curve, suggesting some
anomalous Hall component that comes from the magneti-
zation of Mo spins in addition to the normal Hall effect.
The relation is empirically expressed with the normal and
anomalous Hall coefficients, R, and Ry,

pH=R0H+RsM. (1)

We plot the py/uoH vs M/ woH relation in Fig. 2(d) for
y=0.2, 0.3 (x = 0; i.e., no Tb moment). The both com-
pounds well obey the relation (1); the slope stands for Rg,
and the intersection at M/ uoH = 0 for R,. The relatively
small R, values for these metallic compounds are consis-
tent with typical metal values with a large Fermi surface.
The larger Ry value for y = 0.2 than for y = 0.3 may
indicate its proximity to the magnetic insulator phase.
Hereafter, we take the working hypothesis that these R
and Ry values remain unchanged when the Tb?* species
are doped on the pyrochlore A site. This assumption is
plausible, since the isovalent exchange between Y** and
Tb?* with comparable ionic radii on the pyrochlore A sites
does not change the band filling and hence perhaps the
Fermi surface area of the PM state. Little sensitivity of the
resistivity (p,,) to the doped Tb content x as shown in
Fig. 2(b) ensures this premise.

With this assumption, we can deduce the topological
component of Hall resistivity (p,) as the deviation of the
observed py from that of the x = 0 compound (as ex-
pressed by Eq. (1)). The results for y = 0.3 are plotted in
Fig. 3(a). The absolute magnitude of p?, appears to steeply
increase with x, while the H-induced M value is propor-
tional to x. On the other hand, the H dependence of pl,
resembles the magnetization curve shown in Fig. 3(c). This
is also seen in the pl, vs M plot shown in Fig. 3(b).
However, the change of the py cannot be interpreted in
terms of the effective increase of the magnetization of Mo
under the presence of the Tb moment. This is because the
pl shows the opposite sign (negative) to py (positive) or
its anomalous Hall component R¢M(>0) for the Tb-
undoped (x = 0) compound, and also because the x de-
pendencies of M and p7, are totally different (see below).

At least up to the magnetic field of 1.5 T, the value of pIT_,
is well proportional to M. The measured sample is poly-
crystalline and the crystal axes are randomly oriented;
while the Tb moment shows the Ising anisotropy directing
toward the center of A-site tetrahedron, the alignment of Tb
moments needs some field value, typically 2-3 T [see
Fig. 3(c)]. In this magnetization process, the topological
Hall effect is nearly proportional to H or M, as shown in
Fig. 3(b). (In the high magnetic-field regime, the opposite-
sign contribution of the spin chirality from the 3-in 1-out
like Tb-tetrahedron becomes appreciable in increasing the
Tb content x, as discussed later.) Here, we plot the values
of M and pl, at woH = 1.5 T for the y = 0.2 and 0.3
compounds as a function of x in Fig. 4. The M value is
totally determined by the field-aligned value of the Tb
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FIG. 3 (color online). (a) The magnetic-field (H) dependence
of topological Hall resistivity (p,Ti) (x =0-0.7,y = 0.3). (b) The
magnetization (M) dependence of topological Hall resistivity
(pL) (x = 0.7, y = 0.3). (c) The magnetic-field dependence of
magnetization (M) (x = 0-0.7, y = 0.3).

moment (least affected by the Mo spin polarization) and
hence in proportion to Tb content x, as shown with a
straight line in Fig. 4. By contrast, the p’, value increases
superlinearly with x; it appears to be approximately repre-
sented by the x*> dependence (the solid curve in Fig. 4). The
behavior is in accord with the scenario of the topological
Hall effect induced by the scalar spin chirality; the scalar
spin chirality represents the three-spin correlation, S; -
(8; X S;), and hence becomes nonzero only when the three
neighboring sites are simultaneously occupied by the Tb
moments (see the right panel of Fig. 1(c)]. As for the
conduction electron propagating on the Mo sublattice, it
feels the fictitious magnetic flux By (Berry curvature)
when the three sites out of the four neighboring A sites
are occupied by the Tb moments. Thus, the spin-chirality
density, and hence the topological Hall effect, increases
with x3, as observed. The B.; can be deduced from
the observed pl, and wuoR, (py/H in the limit of
H — 0) values. At x(Tb) = 0.70 and y(Cd) = 0.3, for
example, uoRy ~ 0.01 ©Qcm/T [see Fig. 2(d)] and
ph~05 uQem/T at poH=1T (or ~1 uQcm at
moH = 10 T). This means B ~50 T (100 T), corre-
sponding to 50 times (10 times) amplification of applied
external field B action.

It is worth to note here that the observed THE is also
sensitive to temperature. The spin-flipping dynamics via
thermal agitation should reduce the spin chirality; in fact we
have observed that the topological Hall resistivity steeply
decreases as temperature is increased from 2 K; above 20 K
it is decreased to less than 1/3 of the 2 K value. Another
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FIG. 4 (color online). The x dependence of topological Hall
resistivity (@: y = 0.3 and A: y = 0.2) and magnetization (O:
y=0.3and A:y =0.2) at uoH = 1.5 T. The horizontal error
bar for x is estimated from the magnetization data at 14 T in
Fig. 1(a). Dashed and solid lines represent the references pro-
portional to x and x3, respectively.

important modification from the simple spin-chirality
model is seen in the THE in the high-x and high-H regime.
As noted in Fig. 3(b), the p}, value for x = 0.70 is nearly
proportional to M but above M = 2uz/RMo0Os 5 tends to
deviate from the linear increase (dashed line in Fig. 3(b)].
This might be ascribed to the onset of the contribution from
the all-Tb-occupying-tetrahedron with the 3-in 1-out Ising
moment configuration when the applied field is nearly
along the [111] direction of some polycrystalline grains.
The sign of spin chirality and hence of the Berry curvature
are reversed between the 2-in 2-out and 3-in 1-out configu-
rations of the Ising moment [11]. In the case of Nd,Mo,0O-
crystal, when the strong magnetic field (> 10 T) is applied
along the [111] direction, the 2-in 2-out spin configuration
is observed to be gradually turned into the 3-in 1-out one,
leading to the reduction and then to the sign reversal of spin-
chirality-induced anomalous Hall effect [11,12]. The simi-
lar reduction of pf, might occur in the high-field region of
this topological Hall system when the density of the all-Tb-
tetrahedron becomes appreciable in a high-x region. In fact,
the non-negligible deviation (reduction) of the THE from
the simple x? scaling curve was observed for the high-field
(e.g. 14 T) value of p in a high x (e.g. >0.5) region (not
shown). Conversely, we may neglect the negative-sign
contribution from the 3-in 1-out configuration in such a
low field as 1.5 T (Fig. 4), in which the hypothesis of only
three-spin (not four-spin) correlation, i.e., the x> scaling,
works well.

In conclusion, we have succeeded in producing the
paramagnetic metallic state in pyrochlore-lattice Mo
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oxides with varying density of local spin chirality. The
real-space Berry curvature arising from the coupling with
the local spin chirality can give rise to the topological Hall
effect, being distinct from the both normal (Lorentz force)
and spin-orbit-coupling induced anomalous terms. The
magnitude of the topological Hall effect is approximately
scaled with the cube of the Tb-moment density, ensuring
the important role of the three-spin correlation in giving
rise to the scalar spin chirality. While this system is in a
regime of weak spin-charge coupling, the field alignment
of spin chirality amplifies the action of the external mag-
netic field by more than an order of magnitude in compari-
son with the normal Hall term. This may suggest possible
application of the spin-chirality notion in spin-related elec-
tronic technology.
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