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Electrical magnetotransport properties in RCo;;B¢ compounds (R =Y, Gd, and Ho)
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Remarkable electronic transport and magnetotransport properties are found in the intermetallic compounds
RCo1,Bg (R=Y, Ho, and Gd). Detailed resistivity, magnetoresistance, and Hall effect measurements are
reported in the temperature range between 2 and 320 K under applied magnetic fields up to 9 T. Auxiliary
magnetization results and structural data are also reported. The magnetic ordering observed in these systems
depends on the rare-earth atom. In the YCo;,B¢ compound, a ferromagnetic-type ordering is observed (T¢ ~
149 K) whereas the GdCo;,B¢ and HoCo;,B¢ compounds show ferrimagnetic-type ordering (7¢ ~ 162 and
144 K, respectively) and their magnetization exhibits the compensation phenomenon. All compounds show
high residual-resistance ratio (RRR) rates and resistivities typical of magnetically ordered systems, with a
characteristic downward inflection at the critical temperature. The resistivity results are described in terms
of the interplay between the electron-phonon interaction and a magnetic term. The magnetoresistance is
consequence of a complex superposition of effects due to conduction in spin-polarized bands and to spin-disorder
suppression. A strong positive contribution, which prevails at low temperatures, is described with a basis on the
Campbell-Fert model that assumes conduction by two spin-polarized currents with a spin-mixing term. The usual
negative effect related to suppression of spin disorder becomes the dominant contribution at intermediate- and
high-temperature regimes. At low temperatures, the Hall resistivity results are also consistent with conduction
by two spin-polarized bands. Moreover, a sign reversal observed in the Hall resistivity for all compounds at low
temperatures indicates that the majority spin-up band is holelike, while the minority spin band is electronlike. The
ordinary and anomalous Hall contributions could be separated. The intrinsic Karplus-Luttinger mechanism is the
most relevant contribution to the anomalous Hall resistivity in all studied compounds. However, an additional
term due to chiralities related to canting of the Co moments also plays a role in the temperature region near T¢.
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I. INTRODUCTION

Some intermetallic ferrimagnetic compounds usually
based on rare-earth and transition-metal elements present
the very interesting phenomenon known as the compensa-
tion temperature point, T,,... At this particular temperature,
the oppositely oriented magnetization of the two sublattices
have approximately the same magnitude, so that the global
magnetization goes through a deep and sharp minimum. As
a consequence of their unusual magnetic properties, these
systems have been considered as potentially attractive for
applications in spintronics or magneto-optical recording [1].

“fabiano.mesquita@ufrgs.br; Also at Université Grenoble Alpes,
Institut Néel, CNRS BP166x, 38042 Grenoble Cedex, France.

ppureur @ufrgs.br

¥Also at Université Grenoble Alpes, Institut Néel, CNRS BP166x,
38042 Grenoble Cedex, France.

2469-9950/2020/101(22)/224414(12)

224414-1

In particular, a renewed interest has arisen recently in the
study of such ferrimagnetic materials in the context of ultra-
fast magnetization reversal of magnetic memories and optical
switching devices [2,3]. In spite of these facts, the electrical
properties of these materials have received little attention until
now [4-6].

Among the ferrimagnetic compounds presenting the com-
pensation property, the RT M ;B¢ family, where R is a rare-
earth atom and TM is a transition-metal element, occu-
pies a special place. This series of compounds crystallizes
in the rhombohedral SrNij;Be-type structure (space group
R3m) [7,8]. In such a crystal arrangement, the rare-earth
element (R) and boron (B) have unique crystallographic po-
sitions. However, the transition-metal atoms (7 M) are located
in two inequivalent crystallographic sites. These compounds
exhibit magnetic order below room temperature, with Curie
temperature ranging around 150 K. Several noticeable devel-
opments have recently been reported concerning this fam-
ily of materials. A remarkable example is the discovery of
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the nonconventional and discontinuous magnetization process
featured by dramatically sharp steps, as in LaFe ;B¢ [9-12].

The RCoi;B¢ compounds have been found to be stable
along the whole lanthanide series. These systems have at-
tracted much interest because of their complex magnetic
phase diagrams, the existence of a compensation point, and
a remarkably small Co magnetic moment [8,13,14]. Their
magnetic behavior is dominated by the interactions R-Co
and Co-Co [15], the R-R interactions being usually much
weaker or negligible. The magnetic ordering temperature is
weakly dependent on the rare-earth element. For example,
the compound YCo,;Bg orders below 150 K [14] while the
systems containing Gd and Ho order at 162 and 145 K,
respectively. Both GdCo,Bg and HoCo;,Bg are ferrimagnets,
the magnetization of the R sublattice being dominant at low
temperatures, and that related to the Co atoms being larger
above T, where magnetization for both magnetic sublat-
tices cancels out. The experimental values of the compensa-
tion temperature are Tcomp =49 and 44 K for GdCo,B¢ [16]
and HoCo,Bg¢ [17], respectively. In spite of the difficulties
in performing neutron diffraction on heavy neutron absorbers
like the boride compounds, the magnetic structure of some
of these RCoj;B¢ compounds has recently been reported for
R = La [18], Gd [13], and Ho [17]. These experiments
reveal the occurrence of spin canting in the Co sublattice.
Mossbauer spectroscopy [13] and nuclear magnetic resonance
(NMR) [19,20] results confirm this neutron diffraction find-
ing. In particular, at T = 2 K, LaCo;,B¢ exhibits a conical
structure with Co magnetic moments tilted 60° away from
the hexagonal ¢ axis [18]. The GdCo;,Bg compound has an
almost axial magnetic structure. The global moment has a
small tilt angle of 17° away from the c axis at 4 K [13]. The
magnetic structure of the HoCo;,Bg has attracted more inter-
est since it exhibits a spin reorientation phenomenon at Tgg =
76 K [17,21]. The global magnetic moment is aligned nearly
parallel to the c axis at the lowest temperatures and becomes
reorient toward the basal (a, b) plane above Tgr. This spin
reorientation transition has been described as resulting from
the competition between the magnetocrystalline anisotropies
due to the Ho and Co sublattice, respectively [17]. Though
the structural and magnetic properties of the intermetallic
compounds RT ;B¢ have been extensively studied over the
past 50 years [7-16], only a few works address the electrical
resistivity on these systems [4-6]. To our knowledge, no
investigations have been reported on magnetotransport prop-
erties such as magnetoresistance and the Hall effect, although
a study on low-frequency magnetoimpedance was recently
published [6].

In this paper, we carry out an extensive experimental study
of the electrical resistivity, magnetoresistance, and Hall effect
of RCoj;B¢ model compounds. We focus our attention on
those where R = Y, Gd, and Ho. The choice of Y enables us to
probe the Co magnetic sublattice alone, whereas the selection
of Gd and Ho offers the opportunity to investigate the addi-
tional effects of the rare-earth magnetic sublattice. Since the
Gd- and Ho-based compounds are also used as model systems
exhibiting the compensation point phenomenon, our results
allow us to correlate this characteristic with the transport
properties. From the magnetoresistance experiments, at very
low applied field the spontaneous anisotropy of the resistivity

was estimated for the compounds where R =Y and Gd.
These results lead to further information on the spin-polarized
currents in these compounds. Hall effect measurements are
presented and analyzed, so that the ordinary and anomalous
contributions could be separated. To probe the conduction by
the two spin-polarized currents and determine the majority
carriers, we have investigated all of the Hall coefficients for
all compounds and their temperature dependences. Analysis
of the anomalous Hall effect measurements will be used to
get the different contributions and discuss their origin in light
of the knowledge of the magnetic structures.

II. EXPERIMENT

Polycrystalline samples of RCo,B¢, with R =Y, Gd, and
Ho, were prepared by melting the appropriate amounts of
the high-purity elements (>99, 95%) in an induction furnace
under a purified argon atmosphere. The resulting polycrys-
talline ingots were annealed at 900 °C over the course of three
weeks. Detailed information about the synthesis process can
be found in Ref. [16]. The prepared samples were analyzed
by x-ray diffraction (XRD) and energy-dispersive x-ray spec-
troscopy (EDS). Samples for transport measurements were
cut out from the obtained ingots by spark-cutting into an
appropriate geometry. The resistivity, magnetoresistance, and
Hall effect measurements were performed with the ACTS
modulus of a Quantum Design PPMS system. The resistivity
and magnetoresistance data were obtained by using the usual
four-point contact configuration. Measurements were carried
out according to the following configurations: (i) magnetic
field applied perpendicular to the current (H L i) and (ii)
field applied parallel to the current orientation (H || i). For
the Hall effect experiments, two additional lateral contacts
were placed on the samples. A microtype welding apparatus
was used for fixing the electrical contact on the samples’
surface. Isothermal magnetization measurements in fields up
to 10 T were carried out at several temperatures in the
range 4-300 K. These experiments were performed using the
extraction method of a home-made magnetometer, which is
described in Ref. [22]. These last measurements were mostly
used as complementary in Hall effect analysis. All magne-
totransport experiments were done in temperatures ranging
between 2 and 325 K, upon applied magnetic fields varying
between the limits 9 T.

III. RESULTS AND DISCUSSION
A. Structural and magnetic properties

The analysis of the x-ray diffraction diagrams confirms that
the R3m space group symmetry is retained for the studied
intermetallic compounds. The derived unit-cell parameters at
room temperature are summarized in Table I. The obtained
values are in good agreement with previous reports [7,8]. The
temperature dependence of magnetization, measured upon
heating of the zero-field-cooled materials in an applied mag-
netic field of 0.1 T, is displayed in Fig. 1. The thermomagnetic
curves indicate that the ground state is ferromagnetic for
YCo1,B¢ and ferrimagnetic with a compensation point for
Gd- and Ho-based compounds. Moreover, HoCo,B¢ shows
an anomaly at about 76 K corresponding to a spontaneous
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TABLE 1. Lattice parameters obtained from x-ray diffraction
(XRD) experiments on RCo;Bg (R = Y, Gd, and Ho).

RC012B6
Parameters Y Gd Ho
aA) 9.445 + 8 9455 + 4 9451 + 2
¢ (A) 7438 £ 2 7449 + 1 7454 £+ 3
v (A% 5746 £ 5 576.7 + 4 576.6 + 4

spin reorientation transition in which a rotation of the magne-
tization vector with respect to the crystallographic axes takes
place upon a change in temperature. In Fig. 2 we compare the
magnetization isotherms recorded at 4 K of the thermally de-
magnetized RCo;Bg alloys. The magnetization of YCo;,Bg
saturates at low magnetic field following steep initial growth.
A large susceptibility can be seen at the high-field portions of
the magnetization isotherms for HoCo;,Bg¢ and, to a lesser ex-
tent, for GdCo ;B¢ systems. This large slope is characteristic
of the progressive alignment of the magnetic moments of the
Co and Gd/Ho sublattices along the external applied magnetic
field [16,17]. More details on the structural and magnetic
properties of these RCo;,B¢ compounds, including neutron
diffraction investigations or high magnetic field studies, can
be found in Refs. [8,13,14,16,17].

B. Resistivity

Resistivity measurements as a function of temperature are
shown in Fig. 3 for all studied compounds. The observed p(T")
curves are typical of magnetically ordered systems, in which
the transition from the paramagnetic phase to the ordered
state is signaled by a characteristic steeplike decrease around
the critical temperature. We interpret the results in Fig. 3 by
assuming that three predominant electronic scattering mecha-
nisms describe the temperature dependence of the resistivity
in the studied compounds. At very low temperatures a residual
term, pg, due to static disorder is dominant. Also relevant
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FIG. 1. Magnetization as a function of temperature for YCo;,Bg,
GdCoy,Bg, and HoCo,Bg with o = 0.1 T.
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FIG. 2. Magnetization as a function of applied magnetic field for
YCOlzB(), GdCOuBG, and HOCOlzB(, atT =4 K.

is the interaction between the lattice collective excitations
(phonons) and the conduction electrons. A third important
contribution is due to the electron scattering by the thermal
disorder of the spin system. An analysis of the relative weight
and the temperature dependence of these resistivity contribu-
tions is shown in Fig. 3 for the three studied compounds. The
magnitude of pg is rather small, considering that the three
investigated systems are structurally complex intermetallics.
This fact is expressed by the high residual resistivity ratios
(RRR) listed in Table II. To estimate the contribution due to
the electron-phonon interaction, p,n(7"), we adopt the single-
band Bloch-Griineisen approach [23], according to which

T\’ /6
pon(T) = 4”(@) Js(;R), (1)

where py is proportional to the strength of the electron-phonon
coupling, 6z is the Debye temperature as estimated from
resistivity measurements, and Js is a Debye integral [23]. By
combining the limits of Eq. (1) at high temperatures (op, o< T')
and at low temperatures (opn X T°) and assuming that the
slope dp/dT of the measured resistivity well above T¢ [see
the red dashed lines in panels (a)—(c) of Fig. 3] is solely due
to pph, we determined the parameters pg and 6. Then, Eq. (1)
was employed to calculate the contribution p,n(T) in the
whole temperature range. These results are shown as the red
pointlike line in Fig. 3. The estimated parameters py and 6 are
listed in Table II for all studied compounds. Both parameters
vary systematically along the series of compounds, suggest-
ing that their values are related to the difference between
the atomic masses of Y and lanthanide atoms Gd and Ho,
indicating that the phonon spectra of the studied RCo;,;Bg
systems are basically similar, although renormalized by the
rare-earth mass.

The resistivity data in Fig. 3 for all the studied com-
pounds deviate from the linear temperature dependence when
approaching the ordering temperature upon cooling. This
effect is a consequence of the progressive establishment
of the cooperative magnetic ordering. Below the magnetic

224414-3



F. MESQUITA et al.

PHYSICAL REVIEW B 101, 224414 (2020)

YC012B6

pm -

AAAAAAAAAAAAAAA
A

p (pf2m)

p (uf2m)

p (uf2m)

.. AA
AA‘AAA
A

0 rOVVY

50 100 150 200 250 300
T (K)

FIG. 3. Resistivity as a function of temperature for (a) YCo;,Bg,
(b) GdCo,,Bg¢, and (c) HoCo;,Bg. Thin straight lines (red continuous
lines) are linear fits to the high-temperature estimate behavior. Red
circles show the estimation for electron-phonon contribution (opp)
with a basis on the Bloch-Griineisen theory, as explained in the text.
The blue triangles are the estimation for the spin-disorder resistivity
(pm). The residual resistivities p, are given by the thin continuous
black lines.

ordering temperature, the resistivity contribution due to ther-
mal spin disorder, which is saturated well above T, drops
markedly upon decreasing the temperature. We estimate the
spin-disorder contribution to the resistivity of the studied
compounds by subtracting the calculated pp, from the ideal
resistivity p;(T) = p(T) — po. The magnetic term p,,(T) =
0i — Ppn 1s plotted as blue triangles in Fig. 3. It is interesting
to observe in panels (a) and (b) of Fig. 3 that p,,(T') is respon-
sible for the largest resistivity contribution in the temperature

TABLE II. Characteristic temperatures and other parameters
obtained from the resistivity and magnetization experiments on
RCo,Bg (R =Y, Gd, and Ho).

RCOlzB(,

Parameters Y Gd Ho

Tc (K)? 150 &£ 1 162 + 1 145 £ 1
Tsr (K)? 76 £ 2
Teomp (K)? 49 + 1 44 + 1
Tc (K)® 148 £+ 1 160 £+ 1 144 + 2
Or (K)* 125 + 11 193 £ 9 199 + 10
P (N2 m)© 55+ 1 47 £ 2 28 + 2
po (N2 m) 46 £ 0.5 22+ 05 1.4 +£ 0.5
RRR! 28 + 0.5 33 £ 0.5 32 +£ 0.5

2Obtained from M versus T .
Obtained from dp/dT .
°Obtained from pp;, analysis.
dResidual-resistance ratio.

range between 150 and 300 K for the YCo,B¢ and GdCo;,Bg
systems. The fact that a large p,, term is present in the Y-
based compound means that the Co moments are effective
to produce significant spin-disorder resistivity. On the other
hand, for HoCo,B¢ the electron-phonon term is dominant
across the entire investigated temperature interval in spite of
having approximately the same amplitude as in GdCo,B¢.
The saturated (above T¢) spin-disorder resistivity related to
rare-earth moments, in the absence of crystal-field effects,
varies as p,, o (g7 — 1)2J(J + 1), where (g; — 1)? is the de
Gennes factor [24]. With a basis solely on t(l(l}g)values for g; and
P

J for Gd and Ho, we calculate the ratio o) = 3.5, which is

in reasonable agreement with the ratio % ~ 4 observed
at room temperature, where the spin-disorder resistivity is
saturated in both systems. This finding strongly suggests that
the electron scattering by the rare-earth sublattice is of funda-
mental importance to explain the magnetic contribution to the
resistivity of the RCo;2Bg compounds. As also seen in Fig. 3,
the experimentally estimated spin-disorder resistivity of the
Ho-based compound decreases a little when the temperature
is increased above its maximum value at 7 ~ T¢. This small
variation of the saturated spin-disorder resistivity is probably
due to crystal-field effects [24].

Results for the temperature derivative of the resistivity
dp/dT are presented in Figs. 4(a) and 4(b) for GdCo;,B¢ and
HoCo,Bg, respectively. A pronounced peak in dp/dT is ob-
served close to the critical magnetic temperature for both sys-
tems. This behavior is related to critical magnetic fluctuations
(short-range correlations) that attain the maximum intensity in
a temperature slightly below the magnetic ordering tempera-
ture [25]. We adopt the peak temperature in dp/dT to identify
Tc in our samples. The so-determined critical temperatures
are listed in Table II and are in very good agreement with
values obtained from magnetic measurements. Anomalies are
not observed in the resistivity and dp/dT at the compensation
temperature. This is expected since no particular change in
the electron scattering processes occurs at T.,.... However,
a significant anomaly is noticeable in the vicinity of Ty for
HoCo,Bg, showing that the temperature dependence of the
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FIG. 4. Temperature derivative of the resistivity as a function
of temperature for (a) GdCo,B¢ and (b) HoCo;,Bg. Characteristic
temperatures are signaled as explained in the text.

resistivity is sensitive to the spin-reorientation phenomenon
in the magnetic structure of the Ho-based system.

The characteristic temperatures obtained from the mag-
netic and transport measurements are listed in Table II and
are in very good agreement with the values found in the
literature [7-16].

C. Magnetoresistance

Figure 5 displays the magnetoresistance (MR) in the per-
pendicular (H L i) and parallel (H || i) configurations at T =
2 K for YCoj;Bg. A negative MR contribution caused by
suppression of residual magnetic disorder related to domain
orientation effects is observed at low fields. A partial field-
induced alignment in the canted configuration of the Co
moments [13,18] may also contribute to reduce the magnetic
scattering rate. When the applied induction surpasses a few
tenths of a tesla, a strong positive MR contribution becomes
dominant. This term shows a small anisotropy with respect
to the relative field-current orientation and increases quasi-
linearly with the field, with a small negative curvature at the
highest applied fields. The overall behavior of the MR shown
in Fig. 5 is rather unusual in magnetic materials. The Lorentz
force mechanism [26] may hardly explain the positive MR

30
20 L
ogmf
=
O
—-10 2 K-
0 1 2 3 4 5 6 7 8 9

FIG. 5. Perpendicular (H L i) and parallel (H | i) magnetore-
sistance as a function of the field for YCo;,B¢. Results were obtained
at T = 2 K and are normalized by the resistivity at zero field. Con-
tinuous lines correspond to fits of Eq. (7) to the magnetoresistance
data.

contribution in this case, since it predicts a rather anisotropic
effect (much larger for the perpendicular configuration) that is
proportional to H>.

We propose that the positive MR at low temperatures in
YCo1,Bg is due to spin-polarized electron transport. Accord-
ing to the model of Campbell and Fert [27], the resistivity of
a ferromagnetic metallic system is given by

_ proy tonlor +0))
prt Pyt 4oy

where p, (0 =1, |) are the spin-dependent resistivities for
the two spin-polarized subbands and p4, is the spin-mixing
term. The spin-mixing term is a pseudoresistivity that trans-
fers momentum from one current to the other so that an
equalization of the subband resistivities occurs when the
spin-polarized currents are totally mixed in the limit py; >
Po [27]. The spin-mixing term was shown to play an important
role in the description of the deviations of Matthiessen’s
rule in dilute ferromagnetic alloys [28]. In the Campbell-Fert
model, the spin-mixing is attributed to electron-magnon or
spin-orbit scattering. In the present approach we suppose that,
in the presence of an applied magnetic field, p4, originates
mostly from the spin-flipping events induced by the Zeeman
interaction.

At this point, it is important to mention that other models
have been proposed to explain positive magnetoresistance
in ferromagnetic systems. One of these models, proposed
by Onose et al. [29], explains the positive magnetoresis-
tance in Fe;_,C,Si by assuming that the Zeeman splitting
induces a decrease in the density of states of a minority-spin
band having high mobility. In a more general context, it
has been shown that band splitting at the Fermi level that
originated from the spin-orbit interaction strongly influences
the anisotropic magnetotransport properties of ferromagnetic
metals and compounds [27,30-33] by affecting the scattering
of s-type conduction electrons into localized d-states.

2
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TABLE III. Parameters derived from fitting Eq. (7) to magne-
toresistance measurements in Figs. 5 and 7.

Parameters Y (MRL) Y (MRT) Gd(MRL) Gd (MRT)
C 2.20 1.95 0.99 22.72
Ho 51.15 36.95 9.87 162.54
D(x107%)  —11.46 —9.59 —3.84 ~1.67

Considering that p4 is negligible at zero applied field
and low temperatures [27,28], and assuming that the subband
resistivities remain unaltered in the studied field range, the
MR may be written as

(pr + p))* = 4prpy
(or + oMot + py + 404, (H)]

where Ap(H) = p(H) — p(0) and p(0) = pyp, /(01 + py)-
Equation (3) has two simple limits. When py; < p,, one
obtains

pry(H),  (3)

2
n—1
ApH) = | —— H), 4
p(H) (u+1>p”() 4)
where u = p,/p4 is the spin-polarization ratio [28]. In the
limit p4y, > p,, the MR is saturated and given by

(u— 1)
4u P

Equation (5) shows that the mixing of spin-polarized currents
may produce positive and large magnetoresistance when com-
pared to the zero-field resistivity, depending on the value of
the spin-polarization ratio. Considering that p;, originates
mostly from the Zeeman coupling, we suppose that

P (H) = azH, (6)

where the phenomenological constant a; may depend on the
temperature. Within this approximation, Eq. (4) predicts that
the MR increases linearly with H at very low fields, much as
is observed in Fig. 5. Substituting relation (6) in Eq. (3), we
write the magnetoresistance as

Ap(H) _ H
p(0) ~  Hy+H

The parameters in Eq. (7) are C = (u — 1)2/4,u and Hy =
(1 + 1)?p(0)/4azu . The constant D takes approximately
into account the negative contribution to Ap related to any
field-induced process that favors magnetic ordering. Fitting
Eq. (7) to results in Fig. 5 allows an estimation of the spin-
polarization ratio and the phenomenological constant az. In
Table III, we collect the parameters derived from these fits
to the MR results in the studied systems. For instance, for
YCo,B¢ in the geometry H || i, we obtain p; = 0.09 and
az(]) = 2.9 nQ m/T. The reciprocal M[l = 10.7 is also a
possible solution. We assume that u < 1 with a basis on
the observed MR anisotropy, with Ap(L) being larger than
Ap(|)- Results for the spontaneous resistivity anisotropy (see
the Supplemental Material [34]) are in accordance with our
assumption. According to our interpretation, the minority-spin
subband dominates the resistivity in YCo2B¢. Nonpolarized
band calculations in YCo;,B¢ show that the Fermi energy is

Ap(c0) = (0). Q)

+D. 7

O% YCo9B
o 12Bg (a)
A |
?7101] CDQDOOQD H1li |
= % @00 @oowocoop
= [m]
gﬁ\i DHDD O
—920 L EIDEDDDD H|i -
DDDDIEI]DDEDIDE
30 32‘K
Olm@b@
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1 D
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= 5
52
—3L
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FIG. 6. Perpendicular (H L i) and parallel (H || i) magnetore-
sistance as a function of the field for YCo,B¢. Results obtained at
T = 32 and 200 K are shown in panels (a) and (b), respectively.

located in a region with a peaked density of states [35]. This
result suggests that spin-polarized currents with rather distinct
intensities flow when the internal exchange field of the Co
sublattice is taken into account.

The anisotropy of the magnetoresistance (AMR) with re-
spect to the current-field relative orientation observed in Fig. 5
is often attributed to single-ion scattering depending on the
spin-orbit interaction and crystal-field effects [27]. The cou-
pling of the applied field with the canted and incommensurate
magnetic structure of the Co sublattice [13,17,18] may also
play a role in explaining AMR in the studied compounds.
This effect is taken into account by the constant D in Eq. (7).
From the fit of Eq. (7) to data for H L i in Fig. 5 we obtain
p1 =0.10and az(L) = 3.7 nQ2 m / T. The fitting procedure
indicates that the ratio w remains largely insensible to the
current-field configuration, whereas Hy has different values.
This result suggests that an additional contribution to the
anisotropy in the results of Fig. 5 comes from the coupling
constant az. In other words, a significant contribution to AMR
in YCo,Bg is due to the spin-mixing resistivity p4 | (H).

The strong and positive magnetoresistance seen at 2 K
in YCo2B¢ due to the spin-mixing effect decreases strongly
with increasing temperatures. As shown in Fig. 6(a), at T =
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120 ¢ ‘
GdC012B6

FIG. 7. The same as Fig. 5, but for GdCo,,Bg.

32 K the MR is dominated by the suppression of spin disorder.
At this temperature, the anisotropy originating from the spin-
orbit interaction is particularly pronounced. In panel (b) of the
same figure, MR results above T¢ are shown. The usual and
small MR characteristic of the paramagnetic state is observed
in this case, where a residual anisotropy due to spin-orbit
coupling is still visible (additional MR measurements for
YCoi,Bg¢ are shown in the Supplemental Material [34]).

Figure 7 shows the normalized magnetoresistance of the
GdCo;,Bg compound at 7 = 2 K. Measurements were carried
out for both (H L i) and (H | i) configurations. These results
are quite surprising. The large amplitude of Ap/p(0), which
attains over 100% at woH =9 T in the (H L i) geometry, as
well as the large anisotropy with respect to the current-field
relative orientations, are unusual features that hardly can be
understood from the standpoint of the ordinary Lorentz-force
contribution. Equation (7), however, could be quite well fitted
with reasonable parameters to MR results in Fig. 7. The D
constants for both geometries are quite small for the Gd-
based system, showing that residual spin disorder is almost
negligible in this compound. For the (H | i) configuration,
we estimate | = 0.17 and az(||) = 4.5 nQ m/T, which are
values similar to those encountered in YCo,B¢. For (H L i),
the magnetoresistance is quasilinear with the field, with an
almost imperceptible negative curvature. Then the adjustable
parameters in the fitting procedure using Eq. (7) are prone
to large uncertainties. Nevertheless, we derive p; = 0.01
and az(L) =3.2 nQ m/T. As for YCo,B¢, the coupling
constant az is moderately anisotropic in GdCo,Bg. On the
other hand, the polarization rate is extremely small for the
(H L i) geometry. This means that, for this current-field con-
figuration, GdCo;,B¢ behaves almost as a half-metal where
only minority electrons are present near the Fermi level.

An extension of the Campbell-Fert spin-mixing model
proposed by Kokado et al. [33] might take into account
anisotropic spin-polarization ratios. However, it seems im-
probable that the spin-orbit interaction is solely responsi-
ble for the extremely large anisotropy estimated for u in
GdCo,Bs. We suggest that the antiferromagnetic coupling
between the Gd and Co moments [15] may play a crucial

GdC012B6

= 5l & |
= Ogl O

4= OoOI:I
_3 L dﬂﬂ
H 13 OQ)
4L |
200K (b)
0 1 2 3 4 5 6 7 8 9

poH (T)

FIG. 8. The same as Fig. 6, but for GdCo,B¢. Panels (a) and
(b) shows MR results obtained at 7 = 60 and 200 K, respectively.

role by opening a narrow pseudogap in the energy spectrum
near the Fermi level. Coupled to the spin-orbit interaction, this
pseudogap would produce a severe depletion in the density
of majority electrons, leading to an enormous increase in
p(1) and, consequently, to an extremely small value for the
spin-polarization ratio in the (H L i) configuration.

The positive magnetoresistance due to the spin-mixing
mechanism subsists up to temperatures a little above T,
in GdCo,B¢. Figure 8 shows representative MR results for
this system at 7 = 60 and 200 K. It is interesting to ob-
serve that the MR results above Ty are quite similar for
both YCo3B¢ and GdCo;;Bg compounds [see Figs. 6(b)
and 8(b)]. This means that at high temperatures, the electrical
transport properties of these systems are dominated by the Co
sublattice.

Further MR measurements in the Gd-based system are pre-
sented in the Supplemental Material [34]. Magnetoresistance
results for HoCo ;B¢ in the (H L i) configuration are also
shown in the Supplemental Material [34]. Experiments could
not be performed in the parallel geometry for this system.
Available results are quantitatively and qualitatively similar
to corresponding experiments in GdCo;,Bg. This is expected
since the magnetic ordered states in the Gd-based and Ho-
based compounds are analogous, with similar critical and
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FIG. 9. Amplitude of the perpendicular magnetoresistance mea-
sured at uoH = 5T as a function of the temperature for the RCo;,Bg
(R =Y, Gd, and Ho) compounds.

compensation temperatures, the rare-earth moments pointing
antiparallel to the Co magnetization in both cases.

In Fig. 9, we plot the MR amplitude measured in the (H L
i) geometry at uoH =5 T as a function of the temperature
for the three studied systems. This figure emphasizes the
similarities of the results for the different systems. At low
temperatures, the MR is strong and positive, dominated by
the spin-mixing mechanism. At temperatures near 1., the
MR changes sign and suppression of spin disorder becomes
prominent. Near the critical temperature, the MR due to spin
disorder goes through a maximum that may be associated with
enhanced scattering by spin chiralities, as observed in the Hall
resistivity results discussed in the next section.

D. Hall resistivity

Representative measurements of isotherm Hall resistiv-
ity py, as functions of the applied magnetic field for the
GdCo,Bg compound are shown in Fig. 10. Qualitatively
similar results were obtained for the Y-based and Ho-based
systems (see the Supplemental Material [34]). The results
depicted in Fig. 10 are typical of magnetic materials where
the Hall resistivity is usually written as [36,37]

Pxy = RoB + Rs oM. 3

In the phenomenological Eq. (8), the first term is the
ordinary contribution to the Hall resistivity, where B is the
magnetic induction. The second term is known as the anoma-
lous Hall effect (AHE), which is proportional to the material’s
magnetization M. The parameters Ry and Ry are the ordinary
and anomalous Hall coefficients, respectively. The constant
o 1s the vacuum permeability.

Also useful is the representation of the Hall effect data in
terms of the total Hall coefficient Ry defined as

Ry = pxy /oH. ©)

6 GdC012B6

120K |
- ngw@a@@w
fors 2 100K

FIG. 10. Hall resistivity as a function of the applied field for
GdCo,Bg in some fixed temperatures.

Figure 11 shows the total Hall coefficient for the three
studied systems as a function of the reduced temperature 7'/ T¢
in the fixed applied field woH = 5 T. In this figure, the Ry data
for each compound are normalized with respect to the value
at T¢ in order to emphasize their qualitative similitude in the
different compounds.

Results like those shown in Figs. 10 and 11 may be
understood from the standpoint of Eq. (8) and the two-band
model for the Hall effect [26]. In the case of the studied
systems, the spin-polarized subbands play the role of the
two different electron bands. Moreover, in accordance with
the interpretation given to the magnetoresistance results, we
consider that at the Fermi level the highly resistive majority
band is almost full and holelike, whereas the low-resistive
minority band is electronlike. Then, we write the expression

L0 RC012B6 ) R=Y

0.0 05 1.0 15 2.0
T/Te

FIG. 11. Total Hall coefficient measurements at uoH = 5 T for
RCo;B¢ (R =Y, Gd, and Ho) plotted as functions of 7 /T¢. Data
are normalized to the value at Ty. Values for Ry (T¢) are 0.65 x
107, 1.5 x 107, and 0.42 x 10~ m?/C for Y-, Gd-, and Ho-based
compounds, respectively.
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for the Hall coefficient in the two-band model as

o _ BRI — Re(])
f e

In the above expression, R, )(o) are the Hall coefficients
for the hole (electron) spin-polarized subbands. Both coef-
ficients are assumed to be positive quantities. At low tem-
peratures and low applied fields, the spin-mixing term o4
may be supposed negligible. Then Eq. (10) is valid and Ry
is expected to be negative since p < 1 in our compounds.
This behavior is indeed observed in the results shown in
Figs. 10 and 11. When temperature increases, currents be-
come mixed. In the limit of complete mixing, both subbands
have resistivity %(m + py), so that u = 1. Consequently, in
the high-temperature limit, the Hall constant becomes Ry =
ﬁ[Rh(T) — R.(})] and may be positive, as experimentally
observed.

Comparing results in Figs. 9 and 11, one remarks that the
temperature where Ry changes sign is practically coincident
with that where sign reversal of the MR occurs for each
studied compound. This indicates that the origin of the sign
reversal in both the MR and Hall effect is the spin-mixing
phenomenon, which has to be properly considered in any
system where spin-polarized electrical transport is relevant.
In the low-temperature results of Fig. 10, the negative Hall
resistivity varies almost linearly with the field and is basically
due to the ordinary Hall effect. At T =~ 60 K, the sign reversal
occurs and the anomalous contribution becomes dominant,
since p,, at fixed temperatures mimics the behavior of the
magnetization as a function of the applied field. The magni-
tude of oy, goes through a maximum at temperatures near ¢,
then decreases upon increasing the temperature. The linear
dependence with the field is restored, though with positive
slope.

Using Eq. (8), expression (9) may be rewritten as

Ry = Ro + xmRs. (11)

In the above expression, the quantity y, = M/(H + M)
takes into account that the demagnetizing factor is maximum
for the Hall geometry [38]. In high values of the applied field,
for which the technical saturation magnetization is achieved,
Eq. (11) shows that Ry is a linear function of y,, for a fixed
temperature. Then, plots of the experimentally measured Ry
versus xp allows the determination of Ry(7") and Rg(T) in
the limit of high applied fields. In the Supplemental Mate-
rial [34], representative examples of these plots are shown for
the studied systems. Analysis of the Ry data with Eq. (11)
shows that the ordinary contribution is negative and dominant
in the low-temperature range (T < 50 K) in all systems. In
high temperatures (T > 200 K), Ry becomes positive. In the
regime 50 K < T < T¢ the anomalous contribution is largely
dominant, with positive Rg in all studied compounds. In this
temperature interval, Ry is small and changes sign. However,
its determination is prone to large uncertainties.

We focus on the anomalous coefficient for a quantitative
analysis of the data in Fig. 11 with Eq. (11). In Fig. 12,
we show the values obtained for Ry in the three investigated
compounds as a function of the temperature at the fixed field
uoH =5 T. These results do not depend significantly on the

(10)

YCo12Bg (a)

Rg (rn3/C)

Rg (m3/ &)

Rg (mg/c)

poH =5T

L L
0 50 100 150 200 250 300
T (K)

FIG. 12. Anomalous Hall coefficient as a function of the tem-
perature deduced from analyses based on Eq. (11) with the field
woH = 5 T. Data for RCo,Bg, where R = Y, Gd, and Ho are shown
as black squares in panels (a), (b), and (c), respectively. Estimate for
the KL (red circles) and chiral (blue triangles) contributions for Rg
are also presented (see text).

applied field in the range 3 < uoH < 9 T. One immediately
observes that the curve Rg(T') for each sample is reminiscent
of the respective magnetic resistivity p,,(7") shown in Fig. 3,
mostly in the low- and high-temperature ranges. This resem-
blance is not surprising since theoretically Ry is expected to
scale with the longitudinal resistivity [37]. According to the
skew scattering mechanism for the AHE, Ry « p,,, whereas
the intrinsic Karplus-Luttinger (KL) contribution predicts
that Ry /031 [37]. The skew scattering, i.e., the asymmetric
scattering produced by the spin-orbit interaction, is usually
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associated with the presence of impurities or disorder [39].
The KL term is understood in terms of the Berry phase
and Berry curvature of band states in the k-space [40]. This
contribution leads to an anomalous contribution to the Hall
conductivity, which is largely independent of scattering. Then,
the inversion of the conductivity tensor leads to an anomalous
Hall resistivity, which varies as the square of the longitudinal
resistivity [37]. It is likely that both the skew scattering
and the KL terms should be taken into account to precisely
describe our anomalous Hall data. Our results, however, do
not suggest which of these contributions is the most impor-
tant. We then adopt a practical rule based on the review of
Nagaosa et al. [37]. According to these authors, in good metals
where 107° < p < 10~* © cm, the intrinsic KL contribution
is dominant. Skew scattering is mostly prominent in high
conductivity materials (o < 107° € cm). To estimate the KL
term, we assume that Rg = ap? in the high-temperature limit,
where both quantities are clearly proportional to each other.
Using the proportionality constant a so derived and the o,
data of Fig. 3, we plot the curves labeled as RéKL) in Fig. 12.
Despite the fact that the measured Ry in the high- and
low-temperature limits are described well, large deviations be-
tween experiments and R are observed in the intermediate
temperature range, which encompasses 7c. We then calculate
and plot in Fig. 12 the quantity RS™™ = R, — RX™. This
quantity goes through a maximum at T ~ Ty for YCo,B¢
and T < Tr for GdCo;,Bg and HoCo;,Bg, then fades away
in the low- and high-temperature ranges for all systems.
Based on this general behavior, we interpret R(SCh“al) as a
contribution of spin chiralities to the anomalous Hall effect,
as much as theoretically proposed by Kawamura and Tatara
in the context of metallic spin glasses [41,42]. Spin chiralities
defined as xcn = S; - Sj x Sy are relevant to non-coplanar spin
structures. Successive elastic scattering by the three local
spins in x, generates a fictitious magnetic field, leading to
an additional contribution to the Hall current when a uniform
chirality is achieved under the application of an external
magnetic field [43]. The chiral term is a real-space analog of
the Berry phase mechanism generating the KL contribution,
although its occurrence depends on the additional requirement
of spin canting. Experimental studies of the chiral contribution
to the Hall effect have been made in oxide ferromagnets,
as the manganites [37]. Measurements in these systems led
to a pioneering theoretical proposal for the existence of a
real-space Berry phase anomalous Hall effect in the case
of hopping-type transport [44]. Experiments pointing out a
chiral contribution to AHE were also carried out in metallic
systems such as the spin glass and reentrant AuFe alloys [45].
More recently, a Hall resistivity of chiral origin has been
reported to occur in the skyrmion phase of complex magnetic
materials [46]. The chiral term is expected to be strongly
affected by the local spin dynamics. The maximum of this
contribution occurring near the Curie temperature is an indi-
cation that the typical time involved in the coherent scattering
of conduction electrons by chiralities remains shorter than the
corresponding time for spin precession in this temperature
range. At low temperatures, the chiral term decreases strongly
in our compounds probably because of their good crystalline
and spin ordering. This finding is consistent with the small

magnetic contribution to their longitudinal resistivity in the
same temperature region.

IV. SUMMARY

A systematic investigation of the temperature dependence
of the electronic transport properties of YCo,Bg, GdCo1,Bg,
and HoCo1,B¢ was carried out. The study includes resistivity,
magnetoresistance, and Hall effect measurements performed
in the temperature range 2-300 K, in the presence of applied
fieldsupto 9 T.

The residual resistivity of the studied materials was found
to be remarkably small, due to the complexities of their crys-
tal structure and magnetic phase diagram. The temperature-
dependent resistivity behaves as in standard ferromagnetic
materials and could be described with a basis on two main
contributions. One of them is due to the electron-phonon
interaction and the other term has a magnetic origin, being
related to electron scattering by spin excitations. Above the
Curie temperature, the magnetic term is essentially constant,
as expected within the simple spin-disorder scenario. No sig-
nature of the compensation temperature is seen in the p versus
T curves for the Gd- and Ho-based compounds. However, a
clear anomaly is observed in dp/dT at the spin-reorientation
temperature in the case of HoCo;,Bg.

The magnetoresistance of all studied compounds presents
a quite unusual behavior at low temperatures. It is positive,
presents a negative curvature with increasing field, and has a
rather large amplitude when compared to that characterizing
most metallic and magnetic systems. The magnetoresistance
for YCo,B¢ is almost isotropic with respect to the relative
orientation of current and field, while in GdCo;,B¢ the MR
is much larger when H L i. For interpreting the results in the
limit of low temperatures, we proposed a scenario based on
the two-current model devised by Campbell and Fert [27].
According to this theory, two spin-polarized subbands carry
the current in parallel, and spin mixing is taken into account
via a pseudoresistivity term. According to our interpretation,
the MR is basically due to the spin-mixing resistivity, and
its amplitude is crucially dependent on the spin-polarization
ratio. Fits of the expression derived from the model to the ex-
perimental MR results for YCo;,B¢ and GdCo;,Bg allow us to
estimate the spin-polarization ratio for these two compounds.
We find that p(1)/p(}) < 1 in both compounds. Although
the two-current model may account for the moderate MR
anisotropy observed in YCo;,Bg, a mechanism specifically
dependent on the magnetic rare earths appears to be important
to explain the much larger effect occurring in the Gd-based
compound.

The Hall effect experiments in the three studied com-
pounds clearly show the occurrence of an anomalous term
proportional to the magnetization in addition to the ordinary
effect due to the Lorentz curvature of the electron trajectories.
In all compounds, the total Hall coefficient is negative at low
temperatures, but shows a sign reversal upon increasing 7' up
to 60 K, approximately. The analysis of these results led us
to conclude that the highly resistive majority-spin subband is
holelike whereas the low-resistivity minority-spin subband is
electronlike. Using auxiliary magnetization data, we were able
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to separate the anomalous Hall resistivity from the ordinary
one. According to our analysis, two contributions are relevant
to explain the AHE in the studied systems. One of them is
the intrinsic Karplus-Luttinger term while the other is a chiral
term that attains its maximum amplitude in temperatures
near T¢.

As an overall conclusion, our experimental work on the
resistivity and magnetotransport properties of RCo1;B¢ (R =
Y, Gd, and Ho) revealed that the electrical conduction in
these materials is basically a property of spin-polarized bands
related to the cobalt sublattice. In this sense, our measure-
ments are in accordance with previous studies on the mag-
netic properties of these systems that attribute an itinerant
character to the magnetism of the Co sublattice. Our detailed
magnetoresistance and Hall effect results, suggesting that
minority- (majority-) spin subbands have hole (electron) char-
acter, are a guide for yet-to-come electronic band calculations

in the ordered phase of the RCo;Bg compounds. However,
a complete description of the anomalous Hall effect needs to
consider that the Co spins manifest canting, and consequently
they also show a local character to some extent. This point
might deserve further investigations on the detailed mag-
netic structure of these systems, preferably based on neutron
diffraction experiments.
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