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Abstract

The results of the magnetization and magnetoresistance studies performed on single crystals of hexagonal HoGa, and DyGa,
compounds are presented. They have an antiferromagnetic alignment of the magnetic moments of R-ions in the basal plane
below the Néel temperatures 7.6 and 11 K respectively. The field-induced multi-step magnetic phase transitions in the basal
plane are accompanied by the great changes in the electrical resistivity of both compounds. Using data on the magneto-
resistance, two field-induced intermediate phases in HoGa, are found, when the field was applied along the a axis, which is of
casy magnetization. The magnetic phase diagram of HoGa, along a axes is determined.
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1. Introduction

The RGa, compounds are suitable objects for the
investigation of magnetic properties and magnetic
phase transitions in rare-earth intermetallics. These
compounds crystallize in the hexagonal AIlB,-type
structure with one rare-earth ion per crystallographic
unit cell {1]. This crystal structure consists of layers of
R and Ga atoms. At low temperatures the RGa,
compounds have mainly a complex antiferromagnetic
(AF) order [2]. Below the Néel temperatures, most of
the compounds exhibit phase transitions from one
antiferromagnetic configuration to another. The mag-
netic structures of RGa, result from the long-range
RKKY interaction and crystal field effects.

Preliminary studies of HoGa, performed on poly-
crystalline samples by means of a.c. susceptibility and
electrical resistivity, and also measurements of the
magnetization on single crystals at 4.2 K, show that
this compound has the antiferromagnetic order below
T,=76K, a ([100]) is the easy axis and ¢ ([001]) is
the hard axis [2,3]. The magnetization along the a axis
reaches a value about 8.8 uy per Ho ion at a field of 8
T. According to neutron diffraction at 4.2 K [4],
HoGa, has a colinear magnetic structure with Ho
magnetic moments parallel to the @ axis and with the
propagation vector [0,1/2,0].
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In DyGa, three antiferromagnetic phases below
T, =11 K were observed. Measurements of magneti-
zation on single crystals have shown that DyGa,
exhibits many field-induced phase transitions both in
the basal plane and along the ¢ axis [5]. In a field of
7.5 T applied along the easy b [210] axis, the magnetic
moment per Dy ion, u;, , reaches a value about 9.6 uy,
which is very close to the value for a free Dy’ " ion (10
t). This indicates that the applying of such field
destroys the antiferromagnetic structure of DyGa, and
leads to the ferromagnetic alignment of the Dy mag-
netic moments.

Measurements of the electrical resistivity, magneto-
resistance, thermoelectric power and Hall effect [6,7]
in RGa, compounds show that the transport prop-
erties are very sensitive to the changes of the magnetic
structure and can be used for detecting the magnetic
phase transition in these compounds.

In this paper the results of magnetoresistance
studies at field-induced magnetic phase transitions in
HoGa, and DyGa, single crystals are presented.

2. Experimental details

HoGa, and DyGa, alloys were melted in He atmos-
phere in an arc furnace from components with purity



P.E. Markin, NV. Baranov | Journal of Alloys and Compounds 228 (1995) 54-58 55

99.9% for Ho and Dy, and 99.99% for Ga. All the
alloys were annealed at 800 "°C for three days.
X-Ray diffraction of the powders was carried out using
Cr Ka radiation. The amount of foreign phases for all
the alloys was less than 5%. Single crystals were
prepared in a resistance furnace by a modified Brid-
gman technique.

The magnetization measurements were made by a
vibrating-sample magnetometer in fields up to 7 T in
the temperature range from 2.2 K up to 300 K on
single crystals of about 1.5 X 1.5 X 1.5 mm” in size. The
magnetoresistance was measured on 1X1X4 mm’
samples using a four-contact circuit in the temperature
interval 1.9-10 K.

3. Results and discussion

Fig. 1 shows the temperature dependences of the
reciprocal magnetic susceptibility measured in the
paramagnetic region along and perpendicular to the ¢
([001]) axis of the HoGa, single crystals. Curie—Weiss
behavior is observed above 100 K, with paramagnetic
Curie temperatures of @, =1 K and 6= -17K,
and with an effective magnetic moment u., = 10.6 uy
per Ho ion. For the DyGa, single crystal we have
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Fig. 1. Temperature dependences of the reciprocal susceptibility
along the ¢ axis and in the basal plane of a HoGa, single crystal.

obtained the values of the paramagnetic Curie tem-
peratures, which are in good agreement with those
presented in Ref. [5].

As is mentioned above, the magnetic properties of
RGa, are mainly determined by the exchange interac-
tions and magnetocrystalline anisotropy due to the
crystal electric field (CEF). As is known, the second-
order parameter B) of the crystal field hamiltonian
can be obtained directly from the difference between
two paramagnetic Curie temperatures @; and @l',p.
Using relations presented in Ref. [8] we have ob-
tained BY =0.21 K for HoGa,.

Magnetization and magnetoresistance curves mea-
sured at T=2.2 K on single crystals of HoGa, are
presented in Fig. 2. As can be seen from Fig. 2(a), in
low magnetic fields (B <1.7 T) the anisotropy of the
magnetization in the basal plane is absent and the
magnetization process can be associated with the spin-
flopping and with the rotation of Ho magnetic mo-
ments. The picture of the magnetization process in low
fields is complicated by the presence of three equiva-
lent easy axes in the basal plane. In higher magnetic
fields (B >1.7 T) the anisotropy in the basal plane
appears. The field applied along the a axis gives rise to
the anomaly on the magnetization curve in the field
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Fig. 2. (a) Magnetization and (b) longitudinal magnetoresistance vs.
magnetic field for HoGa, at T =2.2 K: curve 1, B|la; curve 2, B| b;
curve 3, B|lc.
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interval from 2 up to 2.6 T. This anomaly is absent
when the field is applied along the b axis.

The anisotropy between the two axes in the basal
plane of HoGa, can be also evidenced by the smaller
high-field saturation value of u, along the b axis,
Ap = py(Blla) — pyo(Bl|b) = 0.6 py in 7 T. These data
are in agreement with earlier measurements of the
magnetization at 4.2 K presented in Ref. [2], where
the value of Ay was found to be about 0.4 w;. It is
necessary to note that at 4.2 K no visible anomalies on
the magnetization curve along the a axis are observed.
The magnetic anisotropy observed in the basal plane
of HoGa, can be associated with sixth-order CEF
parameter B{ and can also be influenced by magneto-
elastic effects. Unfortunately, the value of B¢ could
not be obtained from our measurements.

The step of magnetization observed on the wu,, (B)
curve along the a axis can indicate the appearance of
an intermediate magnetic phase (I,) in the field inter-
val from B, up to B,. In the fields from B, up to B,
the phase transition from I, to the field-induced
ferromagnetic (FM) state takes place (see Fig. 2(a)).

As follows from Fig. 2(b), the anisotropy of the
magnetization in HoGa, reveals itself in the aniso-
tropy of the longitudinal magnetoresistance, Ap/p =
[o(B) — p(0)]/p(0). The electrical resistivity increases
gradually with the increasing field along the ¢ axis
where the Ho magnetic moments rotate gradually in
the field direction. When the field is applied along the
easy a axis, the giant peak of the magnetoresistance
(Ap/p up to 70%) is observed in the same field interval
(B,—B,) where the step on the magnetization curve
takes place. At the phase transition to the FM state at
B > B, the electrical resistivity becomes lower than in
the initial AF state at B =0.

The change in the electrical resistivity of metallic
antiferromagnets in the regions of phase transitions
can be connected with several origins. An additional
contribution to the electrical resistivity can result from
the enhanced electron-magnon interaction near the
critical field of the spin-flop transition [9]. Another
reason for the increase of the electrical resistivity near
the phase transition is the s-electron reflection from
the potential barrier at the interphase boundary
separating the phases with different magnetic struc-
tures [10,11]. The peaks of the magnetoresistance
caused by this reflection were observed in the isostruc-
tural compound ErGa, in the intermediate state where
the different magnetic phases coexist. The s-electron
scattering on the magnetic moments distributed in the
interphase boundaries, i.e. on the magnetic inhomo-
geneity, can also increase the electrical resistivity of
the compound in the intermediate state. Moreover, the
change of p in metallic antiferromagnets at the phase
transitions may be produced by the deformation of the
Fermi surface due to the appearance or disappearance

of Brillouin superzones [12]. These superzones and
the energy gaps on superzone boundaries result from
the magnetic structure, with the unit cell having a
larger period than the unit cell of the crystal lattice.

We have performed a detailed study of the longi-
tudinal magnetoresistance of HoGa, single crystals
when the field was applied along the a axis. Results of
this study are presented in Figs. 3 and 4. From the field
dependences of Ap/p measured at various tempera-
tures, we can distinguish two temperature intervals
with different behavior of the magnetoresistance.
Below the Néel temperature a flat and broad maxi-
mum of Ap/p appears, and it becomes narrower with
decreasing temperature down to T =3.6 K, where this
maximum vanishes. No peculiarities were observed in
the magnetization curves at these temperatures. In the
second temperature interval a new peak of Ap/p
appears at T~=4.0 K, and broadens with decreasing
temperature.

Since the peak of magnetoresistance and the step on
the w,.(B) curve are observed in the same field
interval (see Figs. 2(a), 2(b)), one can suggest that the
features on the Ap/p curves are associated with the
presence of field-induced intermediate magnetic
phases: I, at T<40 K and I, in the temperature
interval 3.6-7.6 K.
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Fig. 3. Magnetoresistance curves measured at various temperatures
along the a axis of HoGa,.
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Fig. 4. dp/dB vs. B obtained from the magnetoresistance curves
presented in Fig. 3.

The peaks of Ap/p in HoGa, cannot be the result of
the enhanced electron—-magnon interaction because
the height of these peaks, as follows from Fig. 3,
becomes higher with decreasing temperature, in con-
tradiction to the theory of electron-magnon inter-
action [9]. The behavior of the magnetoresistance
cannot also be connected with the presence of the
interphase boundaries in the region of phase transi-
tions because in this case two peaks of Ap/p should be
observed, the first peak before and the second peak
after the step on the magnetization curve, as (for
example) in ErGa, [10].

In our opinion the main reason for the peculiarities
of the magnetoresistance in HoGa, is the deformation
of the Fermi surface at the field-induced magnetic
phase transitions owing to the appearance or dis-
appearance of superzones and the energy gaps on
superzone boundaries [12]. Indeed, the translation
magnetic symmetry of the intermediate phases can be
different from those of the initial antiferromagnetic
state and of the field-induced ferromagnetic state.
Deformations of the Fermi surface at the field-induced
phase transition were observed in the isostructural
SmGa, compound by means of measurements of the
De Haas—Van Alphen effect [13]. In this compound,
the step-like behavior of the magnetization and trans-
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Fig. 5. Magnetic B-T phase diagram of HoGa, for B|a: SF,
spin-flop phase; FM, field-induced ferromagnetic phase; I, I,, field-
induced intermediate phases.

verse magnetoresistance was found in the field applied
along the c¢ axis [7].

Fig. 4 shows the field dependences of the derivatives
dp/dB obtained numerically from the Ap(B)/p curves
presented in Fig. 3. The extreme values of dp/dB
indicate the critical fields of phase transitions along the
a axis of HoGa,. These data allow us to obtain the
B-T phase diagram which is presented in Fig. 5.
Neutron diffraction studies of magnetic structures in
different magnetic fields are needed for the confirma-
tion of this phase diagram.

Fig. 6 shows the field dependences of the mag-
netization and longitudinal magnetoresistance mea-
sured at 2.2 K along the a and b axes of DyGa, single
crystals. The magnetization curves have a multi-step
character and are in good agreement with the mea-
surements presented in Ref. [5]. The field-induced
phase transitions are accompanied by changes of
electrical resistivity as in HoGa,. As shown in Ref.
[5], DyGa, has a complex magnetic phase diagram
along three main axes. Measurements of the magneto-
resistance at various temperatures can give more
detailed information owing to the very high sensitivity
to changes of the magnetic structure.
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Fig. 6. Field dependences of (a) magnetization and (b) magneto-
resistance for DyGa, at T=2.2 K: curve 1. B|a; curve 2. Bib.
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