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Strongly correlated electron system Hog.sLug.5B12 possesses a cooperative dynamic Jahn-Teller instability of
the boron cage that affects the rattling modes of loosely bound rare-earth ions, a frustrated antiferromagnetic
(AF) ground state and dynamic charge stripes. The Hall effect, resistivity, and magnetization were studied on
the single crystals of this AF metal (Tn &3.4 K) at temperatures 1.9-4.2 K in magnetic field B < 7 T applied
along the principal axis of the fcc lattice. Two components of anomalous Hall effect (AHE) were identified on
Hall resistivity pu(B) curves. The first AHE component to be proportional to magnetization is detected both in
the AF and in the paramagnetic state of Hog.5sLug.5sB12. The second one that contributes to AHE only in the AF
phase has the amplitude increasing with lowering of temperature. Both AHE components are strongly anisotropic
having maximal amplitudes for B || (100). The observed AHE features are discussed in terms of spin chirality and
Berry phase effects, which could develop in the exotic spin texture of Hop.5sLug.5sB12 under strong charge carrier

scattering on dynamic charge stripes.
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1. Introduction

The antiferromagnetic (AF) ground state in HoBig
(Tx = 7.4 K) arises under strong spin fluctuations char-
acterized by a pronounced anisotropy of correlation ra-
dia and different divergence ~ 7! and ~ (T — Tx) /4,
respectively, along and perpendicular to (111) axis of
the fec lattice [1]. This exotic magnetism was found
to be strongly influenced by the cooperative dynamic
Jahn—Teller instability of the boron cage [2], that mod-
ulates significantly the rattling modes of loosely bound
rare-earth ions, and stimulates dynamic charge stripe for-
mation in this AF metal [3]. When considering frustra-
tion of AF exchange in HoBj5 [1] it is of great interest
also to study the specific features of anomalous Hall ef-
fect (AHE), which could be induced by non-coplanar spin
textures and related Berry-phase effects [4] in the system
with strong spin fluctuations.

To analyze the AHE in both AF and paramagnetic
phases of this frustrated magnetic system, the criti-
cal temperature and magnetic field of the AF state
of HoB1s were reduced replacing half of Ho ions with
non-magnetic Lu. Here, we present the study of charge
transport (resistivity and Hall effect) and magnetiza-
tion of Hogp sLugsB1s single crystals measured at low
temperatures (1.9-4.2 K) in magnetic fields up to 7 T.
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2. Experimental details

The crystals were grown by inductive zone melting in
argon gas atmosphere and cut from the same ingot as
those ones studied earlier in [3]. Charge transport param-
eters were measured by standard 5-probe technique with
dc current applied along (110) direction. Static magne-
tization was detected by Quantum Design SQUID mag-
netometer. All the data were collected for magnetic field
applied along (100), (110), and (111) axis of the fec lat-
tice in order to study the anisotropy of transport and
magnetic properties. The internal magnetic field was
corrected by the demagnetization field.

3. Results and Discussion

The selected transport characteristics of Hog 5Lug 5B12
single crystals are presented in Fig. 1. Lowering of tem-
perature results in a hump detected in the resistivity be-
low Neel temperature Ty =~ 3.4 K (see inset in Fig. 1).
This feature is specific for AF metals and originates from
the conduction electrons scattering induced by the onset
of “magnetic” Brillouin zone due to new periodicity of
the lattice appearing in the AF state [5, 6]. At T'=2.1 K
the experimental data allow to resolve clearly the criti-
cal magnetic field By ~ 3.4 T, which corresponds to
the transition from AF to high-field paramagnetic (P)
state of Hog 5L.ug 5B12 and does not depend on the direc-
tion of applied magnetic field (Fig. la and 1b). In con-
trary, magnetoresistance and Hall effect (Fig. 1a and 1b)
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Fig. 1. Magnetoresistance (a), and (b) Hall resistivity

of Hoo.5Lug.5B12 taken at T = 2.1 K for B | [100],
B || [110], and B || [111]. For clearance the pu(B)
data for B || [110], and B || [111] are shifted down by
0.05 uf2 cm, and 0.1 p£2 cm, respectively. Dash lines are
fitting curves for the P phase. Arrows point to the Neel
field Bn. Inset presents the temperature dependence of
resistivity in zero field (Neel temperature Tn ~ 3.4 K is
shown by the arrow).

in both AF and P phases vary with the change of mag-
netic field direction significantly while the anisotropy
of magnetization M (B) (not shown here) does not ex-
ceed 2% for all the temperatures and magnetic fields
used in this work. The absence of any sharp features in
magnetization related to spin-flip or spin-flop transitions
seems to agree with the complicated incommensurate 4q
magnetic structure of Ho moments [1]. At the same
time magnetoresistance becomes strongly anisotropic in
fields B > B* = 0.5 T, so that its amplitude and sign
in the AF phase depend on the B direction (Fig. la).
In P phase (B > By) the data of Ap/py can be well
described by a sum of positive (Ap/po ~ B?) and nega-
tive (—Ap/po ~ M?) contributions. This, in fact, agrees
very well with the previous study [3]. Note also that
the anisotropy of Ap/py in the P phase appears due to
the positive term with the amplitude depending strongly
on the B direction. This observation assumes a strong
anisotropy of drift mobility with the increasing ratio
t100/p110 from 1.3 at 1.9 K, up to 1.5 at 4.2 K.

In turn, the anisotropy of Hall resistivity in the P
phase of HogsLugsB12 is less pronounced (Fig. 1b).
The pu(B || [100]) dependence has positive curvature
in strong magnetic field, pg (B || [110]) decreases linearly
with increase of B, and the py (B || [111]) has negative
curvature (Fig. 1b). We used a standard expression to
separate the ordinary and anomalous components in Hall
effect, namely:

pu = RoB + pii, (1)
where Ry is the ordinary Hall coefficient and p# is
the anomalous Hall resistivity. Neither the pﬁ ~ p% M fit,
nor the pf} ~ pM fit, despite of association with the AHE
theory containing the Berry-phase/side-jumping effects
and skew scattering, respectively [4], provided a satisfac-
tory fitting to the experimental data in the full range of
magnetic fields of the P region. However, the empiri-
cal relation suggested for AHE in ferromagnetic metals
p = RspoM (Rg = const), allows to fit the pp(B) data
within the experimental accuracy for all the temperatures
studied in this work (see dash lines in Fig. 1b).

Parameters Ry and Rg determined for Hog 5Lug 5B1o
by linear fitting of the py/B = f(M/B) plots, are pre-
sented in Fig. 2a and Fig. 2b, respectively. Both Ry
and Rg depend strongly on the B direction, and that is
a quite unexpected effect for the fcc crystal. The ampli-
tude of the ordinary Hall effect changes twice when com-
paring the data for B || [100] and B || [111] (Fig. 2a).
For the same B directions, the AHE component changes
its sign from negative (for B || [100]) to positive
(for B || [111]), see Fig. 2b. It is worth noting that
no clear features are observed in Ry(7T) and Rs(T) de-
pendencies near Tx. This means that By(T) is a real
AF phase boundary, and the P phase is uniform be-
low and above Tx. Moreover, similar linear trends ob-
served in all Rg(T) data at low temperatures (shown by
dashed lines in Fig. 2b) may prove the relevance of this
AHE component to spin chirality [7-8], which tends to
zero due to rising of spin polarization with decreasing of
temperature.
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Fig. 2. Temperature dependences of the ordinary (a),
and (b) anomalous Hall coefficients for Hop.5sLug.5B12 in
the paramagnetic state (B || Bx(T')) for magnetic field
applied along (100), (110), and (111) axis. Dash lines
are guides-for-eye.
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Fig. 3. AHE component Apy = pu(B) — (RoB +
RspoM) in the AF phase of HopsLuosBiz at
T=21K.

Actually, such a strong anisotropy of magnetoresis-
tance and Hall effect in the P phase of Hog sLug5B12
(Fig. 1 and 2) may be considered as a manifestation
of complex topology of the Fermi surface in this com-
pound [9]. However, the strong negative contribution
to magnetoresistance, which is dominant in the studied
range of temperatures and magnetic fields (Fig. 1a), and
different curvatures of the py (B || [100]), pu(B || [110]),
and py(B || [111]) data (Fig. 1b) in the P phase leave
little space to any multi-carrier model with reasonable
parameters of charge carriers.

In the AF phase of Hog 5Lug 5B12 (B < Bn(T)) an ad-
ditional positive contribution to AHE can be observed
in the experimental py(B) data (see Fig. 1b). The dif-
ference Apy between Hall resistivity pp(B) and the fit
given by (1) was found to stay positive for all tempera-
tures and magnetic fields used in this work, see Fig. 3.
Note that the sign of this anomalous contribution to Hall
effect in the AF phase (Fig. 3) is opposite to that of Ry
(Fig. 2a). The zero AHE contribution in magnetic fields
B < B* = 0.5 T (Fig. 3) may be induced by complicated
multiple q order, which averages the extra contribution
to Hall effect in low fields. The observable difference in
behavior of Ap/pg (Fig. 1a) and Apy (Fig. 3) below B*
suggests the different origin of the low field contribution
to Hall effect, which is not sensitive to the scattering in-
tensity. The strong dependence of the Apy amplitude on
the direction of magnetic field observed under isotropic
magnetization may result from the modulation of spin
chirality, which is reduced gradually from B || [100]
to B || [111] (Fig. 3). On the other hand, the largest am-
plitudes of AHE parameters (i.e., Rg ~ 3 x 1073 cm?®/C
in Fig. 2b, and Apyg ~ 60 n{2 cm in Fig. 3), as well as
the smallest Hall coefficient (|Ro| ~ 3 x 107* cm?®/C
in Fig. 2a) observed in the AF and P phases for B || [100]
may be treated as specific features of charge carrier scat-
tering on dynamic charge stripes, which form a nanome-
ter size filamentary structure of conducting channels in

the matrix of Hoy_,Lu,B1s [3]. Further, investigation of
AHE in these compounds with the different Lu content in
an extended range of temperatures and magnetic fields is
required to reveal the origin of this anomalous behavior.

4. Conclusion

Two components of the anomalous Hall effect (AHE)
in strongly correlated electron system Hog 5Lug 5B12 were
identified from py(B) curves by separating the ordinary
contribution to Hall effect. A strong anisotropy of both
the anomalous and ordinary Hall resistivity with respect
to the magnetic field was observed. The AHE component
in the P phase, which is proportional to magnetization
(RspoM), tends to zero with decreasing temperature.
That may be associated with the decrease of spin chiral-
ity due to the rise of spin polarization. The anisotropic
AHE contribution observed in the AF phase may be in-
duced by spin chirality modulation or by Berry-phase
effects, which develop in the exotic magnetic texture of
Ho;_,Lu,Bis under strong charge carrier scattering on
dynamic charge stripes [3].
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