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We present results of precision measurements of magnetoresistance of isotopically pure Ho''Bjs at low tem-
peratures 2 + 10 K in magnetic field up to 80 kOe of different orientation to the crystal axes. The data obtained
revealed strong anisotropy of magnetoresistance and allowed us to reconstruct magnetic H—T phase diagrams for
main crystallographic directions H || [001], [110], and [111]. Analysis of magnetoresistance derivatives allowed to
conclude in favor of two main magnetoresistance contributions. Among of them the negative quadratic component
is attributed to charge carriers scattering on a magnetic clusters of Ho®>" ions (4f component) and positive linear
one may be explained in terms of scattering on a spin density waves (5d component).
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1. Introduction

Rare earth (RE) dodecaborides RBo crystallize in fce
crystal structure of UBjs type (s.g. F'm-3m) where each
RE ion is surrounded by 24 boron atoms forming the
rigid cage of By, truncated cubo-octahedron. Filling of
the 4f-shell in the set TbBi3—LuBis results in a wide
variety of electronic and magnetic properties of dodeca-
borides. In current work we present magnetoresistance
(MR) investigation of metallic antiferromagnet HoBio
(Tn =~ 7.4 K [1-6]). According to specific heat, magneti-
zation and transport measurements [2-6], HoB14 exhibits
rather complicated magnetic structure. Indeed the re-
sults of neutron diffraction experiments show that incom-
mensurate amplitude-modulated antiferromagnetic (AF)
structure is formed below T [4]. The topology of mag-
netic H—T phase diagram of HoBys which was recon-
structed in [3-5] exhibits both nearly isotropic behavior
representing weak dependence of the direction of applied
magnetic field for Ty (H) and considerable anisotropic
character for field induced magnetic transitions inside AF
state. Therefore to shed more light on the mechanisms
responsible for the ground state formation of HoBys we
present here a detailed investigation of MR anisotropy.

2. Experimental details

The high quality single crystal of isotopically pure
Ho''By; (Ty ~ 7.3 K) was grown by vertical crucible-free
inductive floating zone melting with multiple re-melting
in an inert gas atmosphere on a setup described in de-
tails in [7]. The high quality of the crystal was controlled
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by X-ray diffraction, the Laue backscattering-patterns
and electron microprobe analysis. Transverse magnetore-
sistance was studied in a temperature range 2-10 K in
magnetic fields up to 80 kOe. In rotating experiment
the direction of external magnetic field was varied in the
range of angles ¢ = 0—360° (where @ is an angle between
vectors H and n, n || (110) — the normal to the sam-
ple surface). Resistivity was measured by standard DC
four-probe technique with the orientation of measuring
current I || [110]. The high accuracy of temperature sta-
bilization [AT =~ 0.001 K at 4 K| was achieved with the
help of commercial temperature controller TC 1.5/300
(Cryotel Ltd.) in combination with temperature sensors
CERNOX-1050 (Lake Shore Cryotronics Inc.). The ex-
perimental setup was described in detail in [§].

3. Results and discussion

Figure 1 shows the magnetic field dependences of
MR Ap(H)/p = (p(H,To) — p(H = 0,Tp))/p(H = 0,Tp)
at different temperatures below T for three main crys-
tallographic directions H || [001], [110], and [111] (the
parts (a), (b), (¢) correspondingly). It is easy to see that
MR changes dramatically with the temperature lowering
and in AF state the amplitude of positive MR for H
along [001] direction increases up to 80% (T = 2.1 K,
Fig. 1a). On the contrary, essentially different MR be-
havior is observed for H || [111] with additional features
attributed to field induced magnetic phase transitions
in AF state (some of them are shown by separate sym-
bols with arrows in Fig. 1). The strong anisotropy of
magnetoresistance becomes much more evident in studies
of the resistivity angular dependences p(¢, Ho, Tp) (see,
for example, Fig. 2). It is worth noting that all pre-
sented curves demonstrate sharp transitions (=~ 5% of
MR changing) between angular domains with a moderate
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(less than 0.2%) MR changes within the domain. These
intervals of angles are translated over 180°, and one can
distinguish three main domains: [001] £ 36°, [110] + 10°
and [111]—18°+[111]4-36°. In the high fields H > 55 kOe
the angular domain [001] £ 36° transforms to wide maxi-
mum at [001] direction. It also should be noted that the
magnetic scattering observed in MR has twofold symme-
try axis.
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Fig. 1. Field dependences of MR for various tempera-
tures at different orientations of the external field: (a)
H || [001], (b) H || [110] and (¢) H || [111]. The
Ap(H)/p curves are shifted down for convenience. Ar-
rows mark the antiferromagnetic—paramagnetic (AF-P)
and orientational magnetic phase transitions.

The high precision of the MR measurements allowed
us to perform numerical differentiation of magnetic field
dependences. Figure 3 demonstrates some examples of
such derivation. The critical points on d(Ap/p(H))/dH
curves were attributed to orientational magnetic and AF—
P phase transitions.

In order to separate contributions to MR we used ap-
proach developed in [9] which leads to the relation

Ap/p~—B(T)H? + A(T)H. (1)
In Eq. (1) coefficient A of the linear term describes
the amplitude of positive MR attributed to charge car-
riers scattering on the spin density waves (SDW) and
B is characteristic of negative quadratic component at-
tributed to scattering on the magnetic clusters of Ho3"
ions. Using formula

d(Ap(H)/p)/dH ~ —2B(T)H + A(T) (2)
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Fig. 2. Angular dependences of resistivity

p(p, Ho,Tp), at To = 2.1 K for magnetic fields in
the range 35-70 kOe. Indexes on the top show crystal-
lographic directions corresponded to particular angles
(curves are shifted on constant value for convenience).

for approximation of corresponded linear dependences
of derivatives we have deduced B and A coefficients
(Fig. 3). The analysis of the derivatives allowed us to re-
veal transition between the linear asymptotes connected
with changes of the charge-carrier scattering on both
magnetic clusters of Ho3T ions and SDW. It was at-
tributed as additional phase transition.

The data collection (see Figs. 1-3) was applied to re-
construct the H—T magnetic phase diagram of Ho''B1s
for main crystallographic directions (a) H || [001], (b)
H | [110], (¢) H || [111]. All symbols of the phase
boundaries shown in Fig. 4 correspond to the symbols
of magnetic phase transitions on the MR and derivative
curves presented in Figs. 1 and 3, respectively. According
to Fig. 4 the strong anisotropy is detected inside AF state
of Ho''Bj,. To explain both the nature of intermediate
phases and anisotropy of phase boundaries one should
take into account the results of work [10] which describes
the transition into the cage-glass state for RB15 at liquid
nitrogen temperatures (see also [1, 9]). Indeed, the tran-
sition to cage-glass state is accompanied by the appear-
ance of disorder in the arrangement of Ho3" ions inside
Bay-truncated cubo-octahedrons resulting in the forma-
tion of magnetic nanosized clusters and consequently to
the polarization of 5d conduction band states (the spin—
polaron effect). Thus, the strong anisotropy and complex
view of magnetic H—T phase diagram of HoB;s may be
explained in terms of the formation of a combined mag-
netically ordered state of localized 4f moments of Ho®*
ions in combination with spin-polarized local areas of the
5d states-ferrons involved in the formation of spin den-
sity waves. The presence of the spin polarization was
confirmed for HoBj2 in [3] where a ferromagnetic com-
ponent of the order parameter was found in the mag-
netic neutron diffraction patterns. The detailed analysis
of magnetic anisotropy of HoBis will be presented else-
where.
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Fig. 3. Field dependences of MR  derivatives
d(Ap/p(H))/dH for some temperatures and field
directions. Colored lines show domains of linear
approximation.
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Fig. 4. Magnetic H—T phase diagrams of Ho''Bis for
three orientations of the external field: (a) H | [001],
(b) H || [110] and (c) H || [111]. The solid lines are the
guides for an eye.

4. Conclusions

We present the results of precise measurements of
transverse MR of Ho'!'Bj, in all range of angles ¢ in
the plane perpendicular to [110] direction. It is reported
that strong anisotropy of MR in Ho''B;, leads to differ-
ent magnetic H—T phase diagrams for three main crys-
tallographic directions. Parameters of 4f and 5d scatter-
ing of charge carriers on localized magnetic moments and
SDW were estimated. It is shown that two mechanisms
of charge carriers scattering may be set to approximate
the MR behavior in holmium dodecaboride.
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