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Abstract

The results of magnetic susceptibility, magnetization, electrical resistivity and
specific heat measurements performed on Ho3;Co single crystals show that
this compound exhibits two different antiferromagnetic structures: AFy at
8 K < T < 22 K and AFj below 7; =~ 8 K. Below the Néel temperature
Tn = 22 K the application of a magnetic field along the main crystallographic
directions induces magnetic phase transitions which are accompanied by giant
magnetoresistance. At T < T; the field-induced phase transitions along
the c¢- and b-axes are found to be irreversible, and a small ferromagnetic
component is observed along the a-axis. These peculiarities are associated
with the non-Kramers character of the Ho ion and with the presence of
a complex incommensurate magnetic structure of Ho3Co below Tn. The
temperature coefficient of the electrical resistivity for Ho3Co above Ty over
a wide temperature range is found to differ from that observed for other R;Co
compounds. Such a behaviour is attributed to the presence of an additional
contribution to the conduction electron scattering by spin fluctuations induced
by f—d exchange in the itinerant d-electron subsystem. The value of this extra
contribution and its temperature range is suggested to depend on the spin value
of the R ion. The excess of the effective magnetic moment per R ion, which
is observed in Ho3Co and in other R3zM type compounds, is also attributed to
spin fluctuations induced by f—d exchange.

1. Introduction

The intermetallic compound Ho3;Co belongs to the RsM family with the highest rare-
earth content within rare-earth—d-transition-metal binary systems. They crystallize in a low
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symmetry orthorhombic structure of the Fe;C type (space group Pnma) [1, 2], which forms
only with d-metals having an almost filled d-band (Co, Ni, Rh). The rare-earth ions occupy
two non-equivalent crystallographic positions of 4c and 8d with the local symmetry m and I,
respectively. The M atoms are located within trigonal prisms formed by the R ions.

The measurements of the magnetization, electrical resistivity and specific heat performed
for some R3Co compounds on polycrystalline samples [3, 4] and on single crystals [S—15], as
well as neutron diffraction investigation [16—20], have revealed several anomalous features,
which may be summarized as follows:

(i) Co as well as other d-transition metals in R3M compounds do not possess a magnetic
moment because of the strong hybridization of d-states of the transition metal with 5d-
states of the rare earth and the large distance (~0.4 nm) between neighbouring M atoms;

(ii) the magnetic moments of R atoms in R3M form complex non-collinear antiferromagnetic
(AF) or ferromagnetic (F) structures which result from competition between RKKY
exchange interaction and the influence of the low symmetry crystal electric fields;

(iii) because of the complex magnetic structures the magnetization process in the ordered state
of R3M reveals a rich variety of field-induced phase transitions, which are accompanied
by a giant magnetoresistance effect.

Moreover, some unusual features in the behaviour of the specific heat and electrical
properties were observed for R3sM compounds. In particular, the coefficient of the electronic
specific heat for GdsM was found to be about one order higher (y = 100—170 mJ mol ' K2
than that obtained for isostructural YsM compounds (y = 11-15mJ mol~! K=2) [9, 21-24]),
while y-values for pure Gd and Y are close to each other (y ~ 6.4 and 7.9 mJ mol~' K2,
respectively [25]). The giant enhancement of y for Gd;M cannot be ascribed to a possible
contribution from 4f-electrons of Gd to the density of electronic states (DOS) at the Fermi level
or to some peculiarities of the electronic structure of GdsM. According to XPS spectroscopy
studies [26] the valence bands of R3M with other rare-earth elements and yttrium are similar;
as with the 4f-states of Gd, they are located far below the Fermi level. Distinctive features
of the electronic structure of R3M compounds are the substantial narrowing of the M d-band
in comparison with pure transition metals and hybridization of M d-states with 5d-states of R
ions (4d-states in the case of Y) [26]. For the R—Co intermetallics the following two opposite
tendencies are known: the magnetic moment of Co ions decreases with increasing R content,
while the energy of the f—d exchange interaction increases [27]. Therefore, in R3M compounds
having the maximal R concentration, the f—d-interaction may be very important despite the
fact that the d—d exchange is small and the d-band is not split. The exchange field that arises
from localized 4f-electrons of the R ion should lead to polarization of Sd-electrons on the same
R ion and then spin fluctuations are induced in the d-electron subsystem of M ions through the
R 5d-M d hybridization. In this case the local amplitude of spin fluctuations and, consequently,
their effect upon different physical properties, is expected to depend on the spin value of the
R ion. Therefore, the great difference in y for Gd3M and Y3M compounds results apparently
from the huge contribution due to spin fluctuations induced by Gd in the d-electron subsystem
of the M transition metal via f—d exchange [21-23]. The significant influence of the spin
fluctuation contribution may cause an excess of the effective magnetic moment, which was
revealed for different R3M compounds [8, 28, 29], as well as the peculiar behaviour of the
electrical resistivity of R3M compounds above their ordering temperatures [8, 9, 15,21, 26, 28].

The magnetic properties of Ho3Co were investigated in the early 1970s on polycrystalline
samples in quasi-static [3] and pulse [4] fields. The magnetic state of this compound was
then determined to be antiferromagnetic below Ty = 24 K. The magnetization measurements
of polycrystalline samples have revealed metamagnetic-like behaviour with an appreciable
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hysteresis. A recent study of a Ho;Co single crystal has shown a significant anisotropy of the
magnetization process along the main crystallographic directions [29]. Field-induced phase
transitions were observed along the a- and b-axes, while the magnetization process along the
c-axis was considered to be typical for ferromagnetic materials. However, according to the
neutron diffraction measurements performed on Ho3Co powder as well as single-crystalline
specimens, the complex antiferromagnetic ordering appears below Ty ~ 22 K, which is
followed by the transformation of the AF structure at 7; ~ 9 K [20].

In this study, we have undertaken detailed investigations of magnetic, thermal and transport
properties of Ho;Co on single-crystalline samples in order to reveal the origin of formation of
unusual magnetic states in the R3M family.

2. Experimental details

The Ho3Co compound was obtained by arc melting in a helium atmosphere using holmium and
cobalt of 99.9 and 99.99% purity, respectively. Single crystals were grown by the Bridgman
technique in a resistive furnace. The phase purity of the single crystals was checked by a
metallographic method. The content of foreign phases was estimated to be less than 3%. The
Laue patterns obtained from different sides of the single crystals were tested carefully for the
presence of satellite reflections from other crystal grains. The samples were then cut along the
main crystallographic directions [100] (@), [010] (b) and [001] (¢).

The magnetization measurements were made with a vibrating sample magnetometer up to
the fields of 7 T and in pulsed fields up to 42 T by an induction method. The ac and dc magnetic
susceptibility was measured by using a SQUID magnetometer (MPMS-5XL, Quantum Design,
USA). The measurements of electrical resistivity were performed on 1 x 1 x 5 mm?® samples
with the long side parallel to one of the main crystallographic directions using the four-contact
technique. The specific heat of Ho3;Co was measured on a single crystal with a mass of about
300 mg by an adiabatic method.

3. Results and discussion

3.1. Low-field magnetization and susceptibility

Figure 1(a) displays temperature dependences of the magnetization measured with increasing
temperature along the main crystallographic axes under a field of 0.005 T. Before the
measurements the sample was cooled down from 40 to 2 K in zero magnetic field (ZFC
regime). The maximum of the magnetization observed along the a- and c-axes at ~22 K
is, we think, due to the phase transition from paramagnetic to antiferromagnetic (AF) states.
This temperature is close to the value of Ty previously obtained on a polycrystalline sample by
Feron et al [3]. As canbe seen in figure 1, all the curves also exhibit a pronounced maximum at
the temperature 7; ~ 8 K, which indicates a change of the magnetic structure with decreasing
temperature. As is shown in [20] by neutron diffraction measurements, the magnetic structure
in the temperature interval 7; < T < Ty can be described by two wavevectors k; = (0 0 0)
and k; = (0.15 0 0), while on decreasing the temperature below 7; the magnetic structure
exhibits a more complicated character. The additional peaks associated with the second and
third harmonics of k, were found to appear on the neutron diffraction pattern at T < T;.
Thus, both the temperature dependences of the magnetization in low fields and the neutron
diffraction study of Ho3;Co indicate the presence of two different antiferromagnetic structures:
the AF; structure below 7T, ~ 8 K and AF at 7, < T < Ty. It should be noted that two
anomalies of the magnetic susceptibility associated with the magnetic ordering at 7 = 35 K
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Figure 1. Temperature dependences of magnetization measured along the main crystallographic
axes at uoH = 0.005 T.
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Figure 2. Temperature dependences of the inverse susceptibility measured along a-, b-and c-axes
of the HozCo single crystal.

and a reorientation at 25 K were also observed for another Ho-based compound Ho3Rh with
the same crystal structure [30].

The temperature dependences of the reciprocal susceptibility along the a-,b- and c-axes are
presented in figure 2. The variation of the reciprocal susceptibility is found to obey the Curie—
Weiss law at temperatures above 150 K for all crystallographic directions. We ignored the
temperature-independent contribution to the total susceptibility as it is very small compared
with the raw data. The effective magnetic moment per formula unit p.s/fu is found to be
equal to 18.87, 18.98 and 19.25 up for a-, b- and c-axes, respectively. Assuming that the Co
magnetic moment is zero, the effective magnetic moment per Ho ion is estimated as follows:
(ugft?)“ = 10.89 ug, (/,L?f?)b = 10.96 usg, (ugft?)c = 11.11 pug. The anisotropy of the effective
magnetic moment in Ho; Co may be attributed to the low measuring temperatures in comparison
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with the total splitting of the energy levels of Ho** in the strong crystal electric field. The values
of 1!l obtained along the main axes of Ho;Co exceed the calculated effective magnetic moment
(ugft?)c'“‘lC 10.61 g for the free Ho®* ion. The enhancement of the effective magnetic moment
per formula unit is estimated to be about A per /fu = 0.5-0.88 wp. These data are in agreement
with previous susceptibility measurements performed in [8], where A pesr/fu = 0.77-0.96 up
was obtained on a single-crystalline sample of Ho3;Co in the temperature interval 77-800 K.
A significant value of Apes/fu up to 1.07 and 1.18 up was also obtained for Gd;Co and
Dy;Co [8], while in our recent study of an Er3Co single crystal [14] we did not find any
additional contribution to the value of ¢ /fu in comparison with that calculated for the case
when only Erions have a magnetic moment. All these data suggesta dependence of A pig/fuon
the type of the rare-earth ion in R3Co compounds. A clear dependence of the extra contribution
Apesr /fu on the spin value of the R ion was observed for R3Ni compounds [28]. Within the
R3Ni series with heavy rare earths the value of A s /fu was found to decrease gradually from
~1.1 up down to 0.47 up with increasing atomic number from Gd to Er, i.e. with decreasing
spin value of the R ion. The reduction of A g /fu from 0.55 to 0.02 g was also found for the
R3Rh family when going from R=Gd to R=Er (see [29] and references therein). Therefore,
an additional contribution to the effective magnetic moment of R3M seems to be an induced
moment and may be associated with the particular M 3d-electrons. The value of pes per

formula unit of R3M may be presented as perr = /3 (i) + (u)f)2, where u; and 1y

are the effective magnetic moments associated with the rare earth and d-transition metal. The
value of ulf; may originate from spin fluctuations induced by the f-d exchange interaction in
the d-electron subsystem of the M transition metal owing to the above-mentioned peculiarities
of the crystal and electronic structure of these compounds. Using the value of p.s /fu obtained
for Ho;Co we estimated the value of Mgf? that arises apparently from spin fluctuations produced
by f—d exchange in the Co 3d-electron subsystem. According to this estimation the effective
magnetic moment ug‘t’ in Ho3Co can be as large as about 4.3-5.7 up, which exceeds the
spin-only effective moment on Co>*(3.87 up).

As one can see in figure 2, the paramagnetic Curie temperature ¥ for Ho3;Co is anisotropic.
The values of ¥ are obtained as ¥, = 28.8 K, %, = 22.4 K, . = 28.4 K for the a-, b- and
c-axes, respectively. When the magnetic ions occupy a single crystallographic position in
the crystal lattice the anisotropy of ¢+ allows for determining the second-order crystal field
parameters, Bg. In the case of R3Co with two non-equivalent 4c and 8d positions for R ions,
only an effective parameter of the second order may be estimated. Its value is rather small for
Ho3Co and does not reflect the local single-ion anisotropy in the positions with the different
symmetry, presumably due to the opposite sign of the second-order crystal field parameters.
It should be noted that, according to crystal field calculations for the isostructural Er;Co
compound, the parameter B) was indeed found to exhibit a different sign for the 4c and 8d
positions [31].

3.2. Magnetization process and magnetoresistance

The field dependences of the magnetization measured along the main crystallographic
directions at 7 = 1.5 K in pulse magnetic fields up to 42 T are shown in figure 3. The
magnetization is presented per Ho ion, bearing in mind the absence of an ordered magnetic
moment on Co atoms (see above). Figure 3 shows that the magnetic moment per Ho ion does
not reach the theoretical value puy, = 10 ug for the free Ho** ion along all main axes even
at the maximal field of 42 T, which is indicative of the presence of a complex non-collinear
magnetic structure and the high magnetic anisotropy of Ho3Co. In a low-field region, the
magnetization curves show a metamagnetic behaviour: an increase of the magnetic field up
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Figure 3. Magnetization of Ho3Co measured in pulse fields along the main crystallographic
directions at 7 = 1.5 K. The inset shows the low-field part of the field dependences.

to critical values leads to an abrupt increase of the magnetization. Such behaviour may be
associated with the phase transitions of first-order nature from the initial AFj state to the field-
induced non-collinear ferromagnetic states (F,, F, and F,) with resultant magnetizations along
the a-, b- and c-axes, respectively. Itis to be noted that in some cases the field dependence of the
magnetization obtained in pulse fields may strongly differ from that obtained in steady fields,
especially, in the regions where the first-order phase transitions take place. In particular, such
a difference was observed in the metamagnetic compounds Dy;Co and ErGa; [32]. Therefore,
in the present work for the detailed studies of the magnetization process in HozCo we have also
performed measurements of the magnetization in steady fields together with magnetoresistance
measurements on the same samples, bearing in mind the very high sensitivity of the electrical
resistivity to the change of the magnetic structure of metallic magnets.

Figures 4-6 display the field dependences of the magnetization and longitudinal
magnetoresistance, measured along the main axes at 7 = 4.2 K on single crystals in steady
fields starting from the ZFC state. The c-axis of the Ho;Co single crystal may be considered as
an easy magnetization direction because the maximum value of the magnetization is reached
along this direction with the application of a small magnetic field (see figure 3). However,
each Ho ion at the two crystallographic sites in the magnetic unit cell of Hos;Co is expected
to have its own magnetic easy axis because of the inequivalent crystallographic sites and
thus different low-lying CEF states. Apparently the shape of the field dependence of the
magnetization obtained along the c-axis (figure 4(a)) seems to be quite typical for ferromagnetic
materials, which contradicts the neutron diffraction data. On the other hand, it should be noted
that in many cases the magnetization measurements alone and, particularly, the shape of the
magnetization curve, do not allow one to distinguish a high-anisotropic ferromagnet from a
metamagnetic compound (see [33]). In the case of Ho;Co a new anomaly was observed, which
differs from the magnetization process of the ordinary high-anisotropic ferromagnets. As can
be seen from the inset in figure 4(a), the initial magnetization curve lies outside the hysteresis
loop. We have also found a big difference between the magnetization process along the c-
axis of Ho3Co and the high-anisotropic ferromagnets by measurements of the longitudinal
magnetoresistance. In fact, an application of a magnetic field along the c-axis leads to an
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Figure 4. Field dependences of the magnetization (a) and ~ Figure 5. Field dependences of the magnetization (a)
longitudinal magnetoresistance (b) measured along thec-  and longitudinal magnetoresistance (b) measured along
axis at T = 4.2 K. The inset shows a low-field part of  the b-axis at 7 = 4.2 K. The inset shows a low-field part
the M (H ) dependence in detail. of the M (H ) dependence in detail.

abrupt decrease (down to —29%) of the electrical resistivity of the single crystal (shown in
figure 4(b)). It should be noted that the giant magnetoresistance (GMR) (|Ap/p| ~ 30-50%),
which accompanies the field-induced magnetic phase transitions, was earlier observed in
isostructural antiferromagnetic compounds Gd;Co [9] and Dy;Co [13, 18], while Tb3Co,
having a non-collinear ferromagnetic structure, was found to reveal a significantly smaller
change of the electrical resistivity (~3-5%) under application of a magnetic field along the
easy c-axis [7, 12]. The GMR effect in the antiferromagnetically ordered compounds R;Co
was previously attributed to the change of their electronic structure, which is likely to be
caused by the disappearance of superzones and the energy gap on superzone boundaries at the
transformation of the initial antiferromagnetic structure to the field-induced ferromagnetic
state [34, 35]. This conclusion was further supported by the significant change of the
electronic specific heat at the AF-F transitions in these compounds [9, 13, 35]. Because
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Figure 6. Field dependences of the magnetization (a) and longitudinal magnetoresistance (b)
measured along the a-axis at 7 = 4.2 K.

of the presence of the incommensurate AF structure in Ho3Co (see above) one may conclude
that the GMR observed along the ¢-axis in this compound originates from superzone effects as
well. Surprisingly, the giant reduction of the resistivity under application of a small magnetic
field (~0.8 T) is found to be irreversible. As it follows from figure 4(b), switching off the
field does not restore the initial value of the resistivity. In the following magnetization cycles
the magnetoresistance varies by a few per cent (from —29% to —25%) when the external
field changes within the range —7 T < uoH < 7 T. These data allow us to suggest that the
Ho3Co single crystal undergoes a field-induced phase transition of the first-order nature along
the c-axis from the initial AF; state to the non-collinear F. state, which is metastable. The
magnetization reversal of the sample in the induced F, phase is accompanied by an ordinary
magnetoresistance effect of about 4%. In fact, the sample may be reinstated into the initial
AF| phase by heating it above 8 K (see below). The metastable ferromagnetic state, which
can be produced in an antiferromagnetically ordered compound by application of a magnetic
field, was also found in the isostructural compounds Dy;Co [13, 18] and (Tb;_,Y,)3Co at
x =2 03[7].

The field dependences of both the magnetization and magnetoresistance measured along
the b-axis (figure 5) indicate that the magnetization reversal in this field direction is a more
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complicated process than that suggested by the magnetization measurements alone. As can be
seen from the inset in figure 5, the initial magnetization curve exhibits a jump at a higher critical
field than that at the second magnetization cycle. Considering the magnetoresistance data
presented in figure 5(b), the first magnetization jump along the b-axis may be associated with
the phase transition from the initial AFj state to the non-collinear ferromagnetic structure (Fj)
with the resultant magnetization parallel to the field direction. However, this AF;—F;, transition
also seems to be irreversible since the large remnant magnetoresistance (~—17%) is observed
after switching off the field, although the remnant magnetization along this axis is nearly zero.
The magnetic state characterized by such a remnant magnetoresistance may be associated
with a new metastable antiferromagnetic phase AF,, which appears after application of a field
along the b-axis in the first magnetization cycle. The change of the magnetization during the
subsequent cycles involves the field-induced AF,—F, transition, which is accompanied by a
significant change of the Ap/p value between —17% and —28% (figure 5(b)).

Figure 6 displays the field dependences of the magnetization and longitudinal
magnetoresistance measured along the a-axis at 4.2 K. The distinctive features of the
magnetization process along this axis are the presence of a small ferromagnetic component
(~0.4 up) which is clearly seen in the low-field region and two steps on the magnetization
curve at higher fields. The metamagnetic transitions at critical fields ~2 and ~2.8 T are also
accompanied by a magnetoresistance effect of different value. Such a difference in Ap/p
at each transition may arise from the different change of the Fermi surface and the group
velocity [34]. The remnant magnetoresistance after a full cycle of the reversal magnetization
is rather small for this field direction (~1.5%). The ferromagnetic component is found to exist
at H || a only in the low-temperature phase, i.e. below T, as can be seen from figure 7(a),
which presents the field dependences of the magnetization measured at different temperatures.

Based on the critical transition fields of the metamagnetic transitions as well as the
irreversibility of some transitions observed in Ho3;Co, we suggest that this compound exhibits
a set of magnetic structures which are very close to each other in respect to their free
energy despite the strong magnetocrystalline anisotropy of this compound. The field-induced
transition between different spin configurations in HozCo is suggested to proceed via spin
flip processes of magnetic moments along their individual easy axes. It should be noted that
multi-step magnetic transitions are observed in a number of rare-earth compounds having
incommensurate magnetic structures [36]. When the R ion is of non-Kramers type such as
Ho’", the ground state may be non-magnetic because of CEF splitting of the multiplet. The
magnetic moment on Ho ions results in this case from exchange interactions, which mix the
wave functions of the CEF levels. This frequently leads to the appearance of an amplitude-
modulated structure at 7 < Ty. Compounds having an incommensurate structure just below
Tx in most cases exhibit a phase transition (one or more) with decreasing temperature to
magnetic structures with another periodicity, generally with a shorter period [37]. This situation
apparently exists in Ho3;Co when the temperature decreases below T; = 8 K. The appearance
of the small ferromagnetic component at 7 < 7; along the a-axis may be considered as
evidence of the unbalanced character of the low-temperature magnetic structure, while the AFy
incommensurate structure, which is observed at 7, < T < Ty, exhibits a full compensation
of the up and down magnetic moments. The last follows from the field dependences of the
magnetization measured along the main crystallographic directions at 7 = 15 K (figure 7(b)).
The magnetization curves presented in figure 7(b) do not reveal any indication of the presence
of a ferromagnetic component at this temperature along the main crystallographic directions.
When the magnetic field is applied along the c-axis, the magnetization curve exhibits a sharp
increase of the magnetization at ~0.3 T which may be associated with the phase transition from
the AFy structure to the field-induced F state with projection of the magnetization onto the
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Figure 7. (a) Field dependences of the magnetization of Ho3Co measured along the a-axis at
various temperatures and (b) field dependences of the magnetization measured along a-, b- and
c-axes at T = 15 K.

field direction. The positive curvature of the magnetization curve along the a-axis may also be
indicative of the phase transition at a critical field around 2.5 T. These transitions are smoothed
because of the increased temperature. The emergence of a small ferromagnetic component
with squaring up of the incommensurate structure with decreasing temperature was observed
in PrGa, compound [38]. As was shown in [38] by magnetization and neutron diffraction
measurements, a net ferromagnetic component appears in PrGa, through the growing of
higher harmonics of the propagation vector of the incommensurately modulated structure
with decreasing temperature. According to the neutron diffraction study of a Ho3;Co single
crystal [20], an analogous behaviour, i.e. the growth of higher harmonics of k», is observed in
this compound below 7; as well.

3.3. Electrical resistivity

The temperature dependences of the electrical resistivity measured along the main
crystallographic axes of Ho3Co are presented in figure 8(a). The values of the residual
resistivity of Ho3Co seem to be high compared with values for other RsM (see [7-9]).
Another common feature is a pronounced convexity of p(7T") curves and tendency to saturation
of the resistivity with increasing temperature. In the low temperature range the p(T)
dependences measured for samples cooled at zero magnetic field reveal anomalies caused by
the antiferromagnetic ordering of the Ho magnetic moments below 7y and by the spontaneous
transformation of the magnetic structure at 7 = T;. As one can see in the inset of figure 8(a),
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Figure 8. (a) Temperature dependences of the electrical resistivity measured along the a-, b- and
c-axes of HozCo single crystals. The inset shows the low-temperature part of the p(7") dependence
measured at H = 0 along the c-axis on the sample cooled down at different conditions: curve 1
corresponds to the ZFC regime; curve 2 was obtained for the sample cooled down at o =2 T.
(b) The averaged temperature dependences of the electrical resistivity for R3Co (R = Gd, Tb, Dy,
Ho). The p(T') curves are arranged in order of increasing atomic number of the R ion from Gd to
Ho. Inset: the dp/dT versus G dependence taken at 7 = 250 K.

which displays the p(7T) dependence along the c-axis below 40 K, these anomalies are
somewhat smoothed (see curve 1). Since the Ho3;Co compound exhibits AF order at T < Tx,
its electrical resistivity can be expressed as [34]

T mae (17
o(T) = p0+pph(1 i'gp g( )’ )

where pg, pph(T), Pmag(T') are the residual, phonon and magnetic contributions respectively;
6 = I'm is proportional to the width of the energy gap at the new zone boundaries that appeared
in the AF state, m is the normalized magnetization, I depends on the exchange integral between
the conduction electrons and f-electrons of the R ions and includes the contributions from all
new superzone boundaries which cut the Fermi surface. The magnetic contribution pyag(7)
is expected to arise from the scattering of conduction electrons by localized 4f-electrons of
Ho and spin fluctuations in the d-electron subsystem. The change of the §-value owing to the
transformation of the magnetic structure of Ho3Co with temperature or/and under application
of magnetic field may result in an appreciable change of p (7). It can be clearly seen from
the inset in figure 8(a) that there appears to be a pronounced difference between the resistivity
measured with increasing temperature at zero external field for the sample cooled down to
T = 2 K at zero external field (curve 1) and at uoH = 2 T (curve 2). After cooling down and
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switching off the field the sample being in the field-induced F, state shows a significantly lower
resistivity (Ap/p ~ —26.5%) at T = 2 K, which increases abruptly when the temperature
reaches 7y = 8 K. Above this temperature both curves 1 and 2 become almost identical. Since
at T < T, the field-induced AF; — F, transition is of the first order, one can suggest that the
change of the magnetic state from the metastable F, phase to the AFy phase with increasing
temperature above 8 K also occurs through a phase transition of the first order, i.e. via formation
of the AFy nucleus and their avalanche-like growth within the F, matrix owing to the thermal
activation. It should be noted that the change of the electrical resistivity at the F. — AFy
transition may also be influenced by the variation of the magnetic contribution ppy,e in the
expression (1) owing to the possible difference in the spin wave dispersion in the subsystem of
localized 4f moments and s-electron scattering on the quadrupolar moment of the 4f-electron
shell of Ho ions in the F. and AFy phases.

The anisotropic behaviour of p (7') for Ho3Co in the paramagnetic region (figure 8(a)) may
have magnetic and non-magnetic origins. Since the Ho ion has non-zero orbital momentum,
the anisotropy of the electrical resistivity of Ho3Co above Ty can be ascribed to anisotropy of
the s-electron scattering by quadrupolar moment of 4f-electron shell of Ho ions. As is shown
in [39], such a mechanism contributes significantly to the anisotropy of p for pure rare earths
above their ordering temperatures. However, it should be noted that substantial anisotropy of
the electrical resistivity was also observed for La;Co [40] where La has an empty 4f-shell and in
Gd;Co [9] where the Gd ion is in the S-state. Therefore, one can attribute the anisotropy of the
resistivity in HosCo above Ty primarily to the anisotropy of the effective mass of conduction
electrons.

The saturation of the resistivity with increasing temperature in the paramagnetic region
in f—d intermetallics may result from several mechanisms [41]: (i) the s—d scattering which
is temperature dependent owing to the temperature dependence of the DOS value and its
derivatives; (ii) the influence of spin fluctuations in the d-electron subsystem; (iii) the effect
of the crystalline electric field and (iv) short-range magnetic correlations above the ordering
temperature. In order to exclude the anisotropy of the electrical resistivity of Ho3Co when
analysing the saturation effect we have averaged the resistivities using the following formula:
p(T) = 1/3[pa(T) + pp(T) + p.(T)], where p;(T) is the temperature dependence of the
resistivity measured along the ith direction on single-crystalline samples. The averaged
p(T) curve for Ho3Co is shown in figure 8(b) together with analogous curves for other
R3Co compounds with heavy rare earths (R = Gd, Tb, Dy [15]), which are displayed for
comparison. The p(T) curves presented in figure 8(b) are shifted relatively to the p(T)
dependence for Gd;Co and arranged in order of increasing atomic number of the R ion from
Gd to Ho. Unfortunately, we did not find the resistivity data for all three axes of Er3Co in the
literature. For the paramagnetic compounds, we plotted in figure 8(b) the resistivity data of
the single crystal La;Co taken from [40]. Since the p(7T) dependence of La;Co as well as of
other paramagnetic compounds (Y3Co [7, 8], Y3Ni [28],) also demonstrate a tendency towards
saturation with increasing temperature one can suggest that such behaviour does not directly
relate to the 4f-electrons of R ions. It should be noted that the electrical resistivity is found to
saturate in many compounds, the physical properties of which are strongly influenced by spin
fluctuations. Among the f—d intermetallics, well-known spin fluctuating systems are the Laves
phases RCo, [41]. Nevertheless, besides the saturation effect of the resistivity such systems
alsoreveal a significantly enhanced value of the electronic specific heat coefficient . As for the
y-value for paramagnetic R3M compounds, it seems to be typical for metallic systems without
significant influence of spin fluctuations: 14 for Y3Ni [14]; 15 for Y3Co [21]; 11 for Y3Rh [22],
25 for La3Co [40] and 20.6 for La3Ni [42] (all data are given in mJ mol~' K~2). When divided
by the number of ions in the formula unit, the values of y for these compounds seem to be
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comparable with those for pure metals (for Y, La, Co and Ni see for example [43]). The
enhancement of y in La;Co and LasNi results apparently from the enhanced electron—phonon
interaction since this compound exhibits superconducting properties below 4.5 K [40, 42].
Therefore, the negative curvature of p(7") dependences observed for paramagnetic R3M can
scarcely be attributed to spin fluctuations. In our opinion, such behaviour of p(7") for RsM
(R =Y, La) may be mainly associated with the influence of the s—d scattering mechanism
because of the significantly narrower d-band in R3M (1.0-1.7 eV) than in pure d-metals (5—
6 eV) (see [26]).

As can be seen from figure 8(b), the slope of the p(T") curves for R3Co with R = Gd,
Tb, Dy and Ho above 150 K, where all compounds exhibit paramagnetic behaviour, varies
significantly for different R ions. Nevertheless, we can assume that the phonon and s—d
scattering contributions to the total resistivity change in this temperature interval are nearly
the same because of the identical crystal and electronic structures. As for the phonon
contribution ppn(7'), its similarity for the compounds with R = Gd, Tb, Dy and Ho results
from the proximity of their Debye temperatures: the values of ®p lie between 157 K for
Gd;Co [9] and 153 K for HoszCo (see below). In respect of the magnetic contribution to
the total resistivity caused by s-electron scattering by localized magnetic moments of R
ions, it is well known [44] that such a contribution should be temperature independent in
the paramagnetic region neglecting the influence of short-range order correlations above the
ordering temperature:

ps-t o (A)* (g = 1D*J(J +1). 2

Here G = (g — 1)2J(J + 1) is the de Gennes factor and Ay is the s—f exchange integral.
In Ho3Co such a contribution should be lower than that in Gd;Co owing to the lower spin
value. The presence of the temperature-independent magnetic contribution above the ordering
temperature was indeed observed in pure rare earths and their alloys as well as in many rare-
earth intermetallic compounds with non-magnetic partners [45]. However, analysis of the
specific heat data for Gd;Co [21] has shown that the magnetic contribution to the total specific
heat of this compound persists over a wide temperature range above Ty, which implies the
presence of short-range f—f magnetic correlations. One can therefore assume that such kind
of correlations also exist in Ho3;Co. In order to examine this additional contribution in the
temperature scale, we measured the electrical resistivity of the Ho3Co single crystal together
with Gd;Co and Y;Co for the current j || ¢ at temperatures up to 600 K (see figure 9). The
paramagnetic compound Y3Co can be considered as a reference material above 170 K. Below
this temperature Y3Co exhibits some anomalies in the electrical resistivity [8, 21] which are
probably associated with the changes of the crystal structure. The temperature variation of the
additional magnetic contribution to the resistivity of Ho3Co and Gd;Co above 170 K may be
obtained with the following formula:

Ap(T) = p(T)ryco — [(T) — po(T)xsco = Ps—t + Apaad(T). (3)

Assuming that the s—d scattering is nearly the same for all R3Co with heavy rare earths

and the ps_¢ contribution is temperature independent according to (2), the behaviour of Ap(T)
in the paramagnetic region may be attributed mainly to Ap,qa(7). As can be seen in figure 9,
the most pronounced growth of Ap(7) with decreasing temperature from 600 K is observed
for Gd;Co having a larger spin value. An analogous subtraction procedure performed for
pure rare earths as well as for rare-earth compounds with non-magnetic partners [41, 44] has
revealed much smaller anomalies above their magnetic ordering temperatures. In the case of
Gd metal the inelastic neutron scattering experiments performed on a single crystal of '°°Gd
have revealed the presence of spin pair correlations even at 850 K [45]; however, these spin
pair correlations at high temperatures and short-range correlations, which appear in Gd with
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Figure 9. The p(7T) dependences measured for R3Co (R = Gd, Ho, Y) along the c-axis up to
600 K. Solid lines demonstrate Ap(7') dependences according to (3) for Gd3Co and HozCo.

decreasing temperature approaching 7¢, do not result [46] in the extra contribution in such
a wide temperature range as in Gd;Co. It should be noted that the influence of short-range
magnetic correlations on the electrical resistivity above the magnetic ordering temperature
according to most existing theories is restricted within a narrow temperature interval (see [47]),
while in our case the additional magnetic contribution Ap extends over 3—5 times 7y, which
cannot be described by the aforementioned conventional theories. In our opinion, the presence
of the significant Ap,qq4(T) contribution to the electrical resistivity of R3M observed in a wide
temperature range above the magnetic ordering temperature cannot be explained by short-range
f—f correlations alone without taking into account the conduction electron scattering on spin
fluctuations due to the f—d-exchange in the d-electron subsystem (see above). We consider
such induced spin fluctuations as a main origin of the additional contribution to the conduction
electron scattering observed above the ordering temperatures in R3M. The value of Ap,qq and
its temperature extension should be dependent on the local amplitude of spin fluctuations in
the 3d-electron subsystem and therefore on the spin value of the R ion which produces such
fluctuations. This assumption is confirmed by the pronounced dependence of the value of
dp/dT taken at T = 250 K (i.e. well above the ordering temperature of R3Co) on the de
Gennes factor G = (g — 1)2J(J + 1) (see the inset in figure 8(b)).

3.4. Heat capacity

The temperature dependence of the specific heat measured on a single-crystalline sample
Ho3Co is presented in figure 10(a). The C,(T') dependence exhibits a pronounced maximum
at ~20 K, i.e. below the Néel temperature Ty = 22 K, and an upturnat 7 < 4 K. The presence
of a maximum of the specific heat below the ordering temperature is a characteristic feature
of magnetic systems exhibiting amplitude-modulated structures [48]. The low-temperature
upturn of C,, in figure 10(a) is associated with the nuclear contribution C, that arises from
the huge hyperfine interaction of the Ho nucleus having the spin value I = 7/2 with the
effective field of about 900 T [49]. As it follows from inset in figure 10(a), only a smeared
anomaly is observed around the critical temperature 7;. In figure 10(b) we plotted the magnetic
contribution Cp, (T') to the total specific heat which was obtained after subtracting off the
nuclear, electronic and lattice contributions: Cp(T) = Cp(T) — Co(T) — Cei(T) — Crane(T).
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Figure 10. Temperature dependence of the specific heat for the Ho3Co single crystal:
(a) experiment (open circles) and the lattice contribution Ciy calculated with ®p = 153 K,
(b) magnetic contribution to the specific heat and magnetic part of the entropy. The inset shows the
C, /T versus T dependence in a low-temperature region. The solid line corresponds to the nuclear
contribution C.

The temperature dependence of the nuclear contribution to the specific heat of HozCo at
T > 2 K was calculated using data for the pure Ho metal [49] to the first approximation
as Co(T) = o T2, where « is a constant. The results of this calculation are shown in the
inset of figure 10(a). For the electronic contribution C¢(7) = y T we have taken the y
value of 15 mJ mol~! K—2, which was obtained for the paramagnetic isostructural compound
Y;3Co [21]. As mentioned above, the Gd3M compounds (M = Co, Ni, Rh) are found to reveal a
significantly enhanced T -linear specific heat, apparently because of the huge contribution from
spin fluctuations, which are induced in the d-electron subsystem by the exchange interaction
acting from f-electrons of Gd ions. Unfortunately, we did not succeed in unambiguously
evaluating y for HosCo from our measurements owing to the large nuclear and magnetic
contributions to C,(T) in low-temperature range. As for the lattice contribution Cia(T),
which is shown in figure 10(a) by the solid line, it was calculated using a simple Debye
model with the Debye temperature ®p = 153 K. This value was obtained using the Debye
temperature ®p = 157 K for Gd;Co [9] and taking into account the difference in atom masses
of Gd and Ho. The value of ®p for Gd;Co was obtained in [9] by sound velocity and thermal
expansion measurements. As it follows from figure 10(b), the Cy,(T") dependence extends for
temperatures above 37y, and it exhibits not only a maximum just below the Néel temperature
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~22 K associated with the long-range magnetic order due to the RKKY exchange interaction,
butitalso shows a broad hump which can be mainly attributed to the Schottky-type heat capacity
from the crystal field effects (Ccr). Thus, the magnetic heat capacity of HoszCo is suggested
to include two contributions: Cp, = Cexen + Cer. The significant part of Cexen in HozCo
apparently persists above Ty owing to the retention of short-range correlations between Ho
magnetic moments. As mentioned above, the presence of such correlations between the local
4f moments was derived from specific heat measurements for Gd;Co and Gd;Rh compounds
in which the Gd ion has zero orbital moment [21, 22].

By integrating C,y(7')/ T we have calculated the magnetic entropy of Ho3Co which is
plotted in figure 10(b). The maximal value of the magnetic entropy Sp, = 3 RIn(2J +1) =
70.7 T mol~! K~! for Ho3Co should be observed when all the energy levels of the multiplet are
populated. As it follows from figure 10(b), at T = 60 K the value of S, is significantly lower
than the maximum theoretical value, which implies a large crystal field splitting of the ground
state multiplet of the Ho** ion in this compound. According to [29] the magnetic entropy of
Ho3Co does not reach the theoretical value even at T = 300 K. These data are supported
by the above-discussed anisotropy of the Ho effective magnetic moment measured along the
main axes. Since the magnetic entropy at the Néel temperature Ty = 22 K reaches a value
about 23.4 T mol~' K~! ~ 3 R1n(2.56), one can suggest that the ground state of Ho ions in
this compound is a quasi-doublet and the second excited state is also admixed below Ty.

4. Summary

The investigation of the magnetic state and physical properties of HozCo single crystals
shows that this compound exhibits all main features which are common to the RzM family.
The magnetization measurements along the main crystallographic directions in steady and
pulse fields together with the previous neutron diffraction study have revealed a complex
antiferromagnetic arrangement of Ho magnetic moments which appears below Ty = 22 K.
Further decrease of the temperature below 7; ~ 8 K leads to a phase transition from the
incommensurate structure AFy; to another structure AF;, which is characterized by the higher
harmonics of the wavevector k, = (0.15 0 0) and by the presence of a small ferromagnetic
component along the a-axis. These magnetic structures are suggested to arise from the non-
Kramers Ho>" ions in combination with competition between the RKKY exchange interaction
and the low-symmetry crystal electric field. The anisotropy of the effective magnetic moment
and paramagnetic Curie temperature derived from magnetic susceptibility measurements of
HosCo as well as the large Schottky-type contribution to the total specific heat, which extends
over a wide temperature interval above Ty, are indicative of the strong influence of the crystal
electric field on the energy level scheme of the Ho®* ion. Specific heat data allow us to suggest
that this ground state of Ho>* in the Ho3Co compound is a quasi-doublet.

Despite the absence of an ordered magnetic moment on the Co atoms in Ho3Co as in
other R3Co, the Co 3d-electron subsystem significantly affects the physical properties of
these compounds. The effective magnetic moment per formula unit, ueg/fu, of Ho3Co is
found to exceed the value calculated for free Ho ions and a non-magnetic Co sublattice. The
enhancement of the effective magnetic moment is thus ascribed to the presence of an additional
contribution, /,Lgf?, which may result from spin fluctuations induced by the f—d exchange in the
3d-electron subsystem of Co. The local amplitude of the spin fluctuations and its temperature
variation and, consequently, the value of ;Lecf", should depend on the spin value of the R ion.
The value of ug‘t’ is estimated to be about 4.3-5.7 upg for Ho3Co. An induced nature of ;Lecf‘;
is clearly evidenced by the presence of the pronounced dependence of the extra contribution
A e /fu on the type of R ion, as is observed for different R3M compounds (see [8, 14,28, 29]).
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Because of the complex non-collinear magnetic structure, which appears in HozCo below
T, the field-induced phase transitions are found to occur under application of an external
magnetic field applied along the main axes of the single crystal. Using magnetoresistance
measurements as a sensitive indicator of the magnetic structure transformations, an
irreversibility of the phase transitions under application of magnetic field has been revealed
along the c¢- and b-axes below 7;. These data together with low values of critical transition
fields imply that several magnetic structures of Ho;Co are very close to each other with respect
to their free energy. The significant magnetoresistance effect (~—30%) which accompanies
the field-induced phase transitions in Ho3Co is associated with superzone effects as in other
antiferromagnetically ordered compounds R3Co. The measurements of electrical resistivity
of Ho3;Co performed in the temperature range up to 600 K have revealed that this compound
exhibits another temperature coefficient of the electrical resistivity above its magnetic ordering
temperature compared with that observed for other R3Co. The temperature dependence of the
electrical resistivity of Ho3Co as well as other R3M compounds in the paramagnetic regime,
we suggest, is mainly determined by the competition of two contributions. The first one results
from the s—d scattering which causes a growth of the resistivity with the temperature and the
negative curvature of the p(7) dependence. The second contribution, which decreases with
increasing temperature, is due to the scattering of conduction electrons by spin fluctuations
induced through f—d exchange in the d-electron subsystem of the transition metal. Bearing
in mind that the s—d scattering contribution does not vary significantly for different R3Co
compounds with heavy rare earth, the change of the temperature coefficient of the resistivity
with increasing atomic number of R ion starting from Gd is, we think, controlled mainly by the
scattering by spin fluctuations in the 3d-electron subsystem of Co, since the local amplitude
of these spin fluctuations owing to their induced character is suggested to depend on the spin
value of the R ion. The maximum value of this spin fluctuation contribution and its large
temperature extension in the case of GdsM (M = Ni, Co, Rh) owing to the maximal spin
value of Gd results in the nearly zero value of the temperature coefficient of the resistivity
of these compounds in a wide temperature range (~140-400 K), while the reduction of this
additional contribution with decreasing the spin value of the R ion in R3M leads to a growth of
dp/dT, as is evidenced by the measurements of p(7") dependences for different R3M. These
results emphasize the significant influence of the transition metal in R—M intermetallics on
their physical properties even in the case where the M atoms do not possess an own magnetic
moment.
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