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1. Introduction

1. Introduction

The interest in compounds containing elements with a partly filled electronic
f-shell has been increasing during the last years because of the physical properties of
these materials. In particular, the magnetic behavior caused by the unfilled f-shell is
being studied. The main difference between 4f and 5f electrons is that the 4f electrons
are well localized, whereas the 5f electrons exhibit more itinerant behavior.

The ternary compounds exhibit a larger number of different structure types
and, on the other hand, they also exhibit a larger number of compounds that crystallize
in the same structure type. Therefore, the rare-earth ions can be studied in various
types of crystalline environments. When substituting other elements, one may
gradually change the number of electrons in the system. Subsequent addition of
d-electrons to the compound — by substituting the transition-metal atoms by atoms of a
neighboring element in the Periodic System — may lead to a change in the type
of magnetic ordering which, in rare-earth compounds, is mediated mainly by the
electrons in the conduction band.

This work is focused on the structural and, mainly, magnetic behavior of
RNi;_,Cu,Al pseudo-ternary series with R = Er and Dy, where Cu is being substituted
for Ni. These compounds belong to the large group of RTX compounds (R ~ rare-earth,
T ~ transition metal, X ~ p-metal) crystallizing in the hexagonal ZrNiAl-type structure.
The motivation to deal just by these series originates from previous studies of the
RNiAl and RCuAl compounds [1,2] at the Department of Electronic Structures of
Charles University and from interesting results obtained on similar TbNi, ,Cu,Al
compounds by Ehlers et al. [3]. The present work is also a continuation of previous
results of bulk measurements on the Er-based series, performed in the framework of
the diploma thesis of the author of the present doctoral thesis [4], which arose further
questions about the evolution of magnetic structures and about the nature of the
magnetic behavior. It was decided to select Er and Dy as the rare-earth element in the
studied compounds in order to compare two examples with either 1) different type of
magnetic ordering and moreover different magnetocrystalline anisotropy in the parent
compounds (the case of ErNi;Cu,Al series) or 2) similar behavior of both parent
compounds in the case of the Dy-based series.

During the present investigation, polycrystalline samples with selected values
of the parameter x and a DyNiAl single crystal have been prepared, attested and
studied by means of X-ray-diffraction, magnetization, heat-capacity and especially
neutron-diffraction experiments to obtain information about the crystal structure,
the bulk magnetic properties and the magnetic structures themselves. Based on the
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previous discovery of the structural discontinuity in the Er-based series, we have been
looking for the connection between the structural step and the magnetic properties.
Seeking for common signs of 1) the substitution in the RN1,_,Cu,Al series and 2) joint
connections between the structural and magnetic evolution in these compounds
belonged to the main goals of this work.

This thesis is organized in the following way. The theory necessary to
understand the observed effects and also a summary of the theory used in the
scattering techniques (neutron and X-ray diffraction) are included in Chapter
2. Theory. Results already known before we started to collect the results for this thesis
are included in Chapter 3. Previous results. Section 4. Experimental methods describes

the techniques used for sample preparation and collecting the experimental data.
Chapter 5. Results represents the main part of the thesis showing all experimental data.

These results are discussed in the Chapter 6. Discussion and Chapter 7. Conclusions
contains the main results reached.
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2. Theory
2.1 General theory

Rare-earth ions

The set of elements positioned between lanthanum (Z =57) and lutetium
(Z=171) in the Periodic Table of Elements are called ‘lanthanides’ and together with
scandium (Z =21) and yttrium (Z =39) from the group called ‘Rare earths’ (for
historical reasons). The elements from lanthanum to europium (Z = 63) are usually
indicated as ‘light rare-earths’ and the others (i.e. Gd to Lu) are ‘heavy rare earths’. In
the further text we will mark them all as ‘R’. The theory of rare-earth ions is described
in the literature — e.g. [5-7], we will focus on several basic aspects of the theory.

It is known, that the atomic radius of rare earths decreases with increasing
atomic number. This is the so-called lanthanide-contraction. The electronic
configuration of these elements can be generally written as:

[Xe] 6s>5d"4f™. 2.1

Just the 4f electrons are responsible for the magnetic moments. Thus, the magnetic
behavior of the rare-earths originates from the consequent filling of the electronic
4f-shell in the R series.

Because the energy of 5d electrons is higher than that of the 4f, the rare-earth
atoms are mostly found in the trivalent state (except for Ce, Eu and Yb). In the
conducting solids, the 5d and 6s electrons are delocalized and create the conduction
band.

The 4f shell has a much (about ten times) smaller radial extent (= 40 pm) then
the the typical distance between neighboring rare-earth atoms in a solid and is also
shielded by the filled 65 and 5p shells. Therefore, the character of the 4f electrons is
rather localized, unlike to that of 5/ electrons in actinides, which exhibit all types of
behavior between localized and itinerant. This is why one may consider rare-earth
atoms in a solid as free ions in a sea of conduction electrons with s, p and d character.
The 4f level of such ion is not directly influenced by the neighboring atoms and the
states of the 4f electrons depend on their interaction with the charge of nucleus, which
is shielded by the inner filled-electron shells, and with other 4f electrons. The effect of
other filled shells can be included in an effective nuclear charge in the central potential
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of an effective charge of+ Ze. When neglecting the spin-orbit interaction, the total
Hamiltonian of such system is given by

N N 2 N zez e
H4f = Z(_ 2?11 ]Vlz + Z__ + A (22)

i=1

Here, 7, m, and e are Planck’s constant, the static mass and the charge of an electron,
respectively. The variables r; and r;j are the positions of the electron in relation to the
central potential and of the electrons with respect to each other. Since
the inter-electronic distances are highly correlated, we can use the Hartree-Fock
approximation for classifying the energy levels:

. N 1,]2 R N zez N
H, = z _K V. + ;_ p + ;Vi(r) 5 (2.3)

i=1

1

where V;(r) are the Hartree-Fock self-consistent potentials.
The electron states are characterized by the hydrogen-like wave functions

Vi, (1,0) = R, (r)-Y, (8,0)- 7, (0) , (2.4)

where R, (r), ¥, ($,¢) and g, (o) are the radial, spherical and spin wave functions,

respectively, and n, [, m;, m; are the basic, orbital, magnetic and spin quantum
numbers.

The ground state corresponding to the 4f” electron configuration can be
determined by the assignment of N electrons to the 4f one-electron states (n =4, / =3).
The total wave function can be represented by a Slater determinant of N one-electron

. . . 14
wave functions. The ground state is generally degenerate with a degeneracy of (N]

This degeneracy is partly removed by the correlation and spin-orbit interactions.
The correlation interaction is given by:

Hoe = 25 - i\’i(r) : (2.5)

i<j I’;/
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Because the correlation interaction is much smaller than the interaction given by H,, it

can be computed as a perturbation of the Hamiltonian (2.3). This interaction is the
origin of splitting of the states into so-called terms, which are characterized by the

orbital (L=_1,) and spin moments (S = s, ). The operators L’, S, L, and S,

commute with H

corr 2

The energy levels do not depend on M; and My and they stay (2L+1)(25+1)-fold
degenerate according to the values of M, and Ms. The ground term is defined by the

so the stationary states are given by the values of L, S, M; and Mj.

following Hund’s rules [6]:
1. S reaches a maximum while maintaining the Pauli exclusion principle.
2. L has a maximum value in accordance with the first rule.

The spin-orbit interaction originates from the relativistic correlation
between the electron spin and its own orbital moment. In our case (rare-earth
intermetallics), it is much weaker than the correlation interaction and can be included
as a perturbation. According to the Russel-Saunders approximation, the Hamiltonian

of the spin-orbit interaction can be taken as a coupling between Land S:
Hi = A(LS)-LS (2.6)

where A is the effective spin-orbit constant. This spin-orbit interaction leads to
a splitting of the spectral terms into so-called multiplets, according to the total angular
momentum J = L+S. Each multiplet remains (2J+1)-fold degenerate. The ground-state
multiplet can be determined from the third Hund’s rule: J=|L - §| for the light rare
earths for which the 4f-shell is filled for less than half (N <7) and J=L + § for the
heavy-rare earths (N> 7). The magnetic moment and the spin of the ground-state

multiplet are given by # =—p,g,J and S = (g, —1)J , where gj is the Landé factor:

L JUAD+SES+D-LL+D)

— 1
& 27(J +1)

2.7)

The crystal field

In a crystalline environment, the surrounding ions and electrons of the
rare-earth ion produce an electric field which acts on the 4f electrons. This field is
called the crystalline electric field, briefly crystal field, and has the symmetry of the
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crystal lattice. In the case of the rare earths, the 4/ moments are rather well shielded by
the full 6s and 5d shells, the “4f-electrons — crystal-field” interaction is rather weak
and can be considered as a perturbation to HLS. This perturbation leads to a complete

or a partial removal of the degeneracy of the ground-state multiplet.

In first approximation, the crystal-field Hamiltonian H.. can be simply

computed using the point-charge model. The surrounding electric charges produce an

electrostatic potential, which at the position r = (, 6, @) can be expressed as:

q;
|Rj_r|

Vep(r) = z

J

(2.8)

where ¢g; is the charge of an ion at the position R;. If a charge ¢; is at r;, then
the crystal-field Hamiltonian is given by:

~ ; q.9;
o = 2oV = 2™ (29)
i i,j j i

where i runs over all 4f electrons in the unfilled shell.

To determine the energy levels and the eigenfunctions of the rare-earth ion
in the crystal field, we have to calculate the matrix elements of the perturbing
Hamiltonian between free-ion states. The crystal-field Hamiltonian can be expressed
as:

,:'CF = ZB;HOA: . (2.10)

n,m

Here, B and O;” are the crystal-field parameters and the crystal-field operators,

respectively [8].

According to the Kramers theorem [9], the energy levels of ions, that have
an odd number of electrons (4f-electrons for the rare-earths), are at least twofold and
evenly degenerate. It has been shown [10] , that ions with an even number of electrons
tend to have singlet energy levels in crystals due to the lowered symmetry, that
completely removes the degeneracy of the energy levels.
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Exchange interactions

Ordering of magnetic moments has its origin in exchange interactions.
Generally, in solids there are two basic types of exchange interactions: the direct
exchange and the indirect exchange interaction, including the RKKY interaction (see
Figure 2.1).

In the Heisenberg model, the exchange-interaction energy between two ions
can be expressed as:

A A

H . =-2J,88 (2.11)

X i

where J;; is the exchange integral between the spins S‘i and S ;. The total Hamiltonian

for the whole system is then:

H. = _szjsiSj . (2.12)

iJ
i#]

4f-electronic wave functions is negligible in | Bedicd | ()

the rare-earth-based compounds. Therefore \MA

D&
the direct interaction (typical for 3d-metals) a) direct exchange
usually cannot be considered as responsible

The direct overlap of the /P(P‘(‘P('Vﬁ\‘
SR 34

for magnetic ordering in these materials.
Instead, the indirect interactions should be T
taken into account. =

There are various types of indirect b) indirect exchange

interactions. Here, we mention two of them.

4

2=\ o NS A e s Yy

S -
Lk

RKKY interaction. These electrons are spin n
Fd
e

1 —
. "\." "l.-"\_ 35 i A
polarized because of the presence of ZM‘ /14 S ;\j

P o\ A A= N ==\

magnetic moments in their surrounding. ¢) indirect exchange - (RKKY)
Owing to properties of conduction

7’

The conduction electrons mediate the weak

L

*\

Fig. 2.1: The basic types of exchange
interactions, including the indirect

range and 1s oscillating according the RKKY interaction [5].

electrons, this type of interaction is long

distance from the original magnetic ion.
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The polarized electrons then interact with the neighboring magnetic moments. This
type of interaction is of basic importance in the ordering of magnetic moments of
well-localized electrons and is mostly found in lanthanides and their compounds.

For the case of exchange coupling between 4fmoments, we mention two
mechanisms of indirect exchange. The first one is the RKKY interaction which is
mediated by conduction electrons. The Hamiltonian of this interaction is:

A

Hey = —$ D J(R-R).J, , (2.13)
i,j

where we sum over all rare-earth ions with the moment J;. J(R-R;) is the effective

exchange parameter. The corresponding magnetic-ordering temperature 7¢ and the
paramagnetic Curie temperature 6, are proportional to the De-Gennes factor
(g 1) JI+D).

The second description has been proposed by Campbell [11]. It supposes the
coupling between 4f~moments to be mediated by the 5d rare-earth electrons. As a
consequence of the f-d exchange coupling, a positive local d-moment is induced.
Because the 5d electrons of the rare earth are more delocalized and the wave functions
can overlap, one can consider direct exchange interaction, which favors in this case
ferromagnetic coupling, and a positive value of the paramagnetic Curie temperature is
expected. Furthermore, in compounds with transition metals, the exchange between
rare-earth Sd-states and d-states of the transition metal has to be considered.

10
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2.2 Scattering of radiation by crystals

Scattering techniques are very powerful tool for microscopic study of solids.
The radiation used in such experiments can be beams of X-rays, neutrons or electrons.
There are generally two different ways in which radiation may be scattered by the
crystal lattice: in elastic (diffraction) and in an inelastic way. Since we have used
elastic scattering only, we will just describe the background of the diffraction
techniques. We have used two of above mentioned probes — X-rays and neutrons —
and will briefly describe these two tools.

When interacting with the matter, the wave of the incident radiation scatters at
atoms in periodic sets of planes and the scattered waves superpose coherently,
resulting in diffracted intensities of the beam distributed in specific directions due to
constructive interference.

For a given crystal structure, the positions of the nuclear reflections are given
by Bragg’s law:

A= 2dhkl sint9, (214)

where A is the wavelength of the radiation, djy, is the spacing between the reflecting
planes and @ is the angle between the normal to the hk/—plane and the direction of
interacting radiation.

The intensities of the reflected beam are proportional to the square
of the structure factor £

I~ |Fhkl|2 > (2.15)

where F; is for the X-ray beam given by

Fyyy = Zf;”(q)'e—Zm'qi; e (2.16)

Here, the summation is over the primitive cell. The parameter f,(q) is the atomic
dispersion factor. It is the Fourier transform of the electronic charge density p(r) and is
equal to

fulg)= ] plr)e™dr. (2.17)

14

11
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The parameter ¢ is the vector in reciprocal space. The expression exp(-W;) is the
temperature factor (square root of the Debye-Waller factor). W; involves the mean
square displacement of the atom around its equilibrium position.

In case of the neutron radiation as incident beam, the atomic dispersion factor
f. 1s replaced by the bound coherent scattering length b:

Fyy = Zbc e (2.18)

Since the f;, is a function of the charge density, the structure factor in the case of
X-rays is a monotonous function of the atomic number Z. On the other hand, in the
neutron case the parameter b, is random with respect to the specific element and it can
moreover vary within different isotopes (nuclear number A) of a given element. The
scattering lengths can be found in the literature — e.g. [12].

The advantage of using a neutron beam for studies of materials is the fact that
the neutron has its own spin. The neutrons therefore interact also with the magnetic
moments in the matter and interaction with the moments forming a magnetic structure
in a material leads to additional diffraction patterns, similar to the ones obtained by
diffraction on a periodic crystal structure. The magnetic structure factor F is given by

Fy=p) f(q)-m,-&" ", (2.19)
J

where the sum is over all the magnetic moments within the unit cell. The constant p is
equal to p = ye*/2m.c* = 0.2696-10"%cm, J{(q) is the magnetic form factor of atom j and
m; is the magnetic moment. The form factors are known for the magnetic moments of
the R ions and transition metals [13], but it is often subject of study in uranium
compounds with unknkown ratio of spin and orbital moment. The f(q) function
decreases with increasing ¢ (and thus with the scattering angle), similar to f,(q) for the
X-ray diffraction. In contrast, the scattering lengths b, is g-independent.

Thus, the neutrons interact with the system of nuclei (wave scattering on a
particle) and also with the magnetic moments (spin-spin interaction) of the atom. The
diffracted intensity of the magnetic scattering is usually of the same order as the
intensity from the nuclear diffraction, so that thus we can observe the both — the
crystalline (nuclear) and the magnetic structure of a material using the same probe.

12
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Correction of diffracted intensities

The diffracted intensities as measured in the real experiment depend on
several factors. A more accurate expression of relation (2.15) is as follows:

I, = (/13 V—Vz)(i) L-A-T-E-|F,,|” (neutrons), (2.20a)

Ly = ( y Vz) L-P-AT-E:-|Fy, " (Xrays), (2.20b)

where 7y is the classical electron radius (ez/mcz), V the crystal volume, V. the unit-cell
volume, @ the angular scanning velocity, L the Lorentz factor which is related to the
time-of-reflection opportunity, P the polarization factor, 4 the absorption factor, 7 the
correction for inelastic phonon or thermal-diffuse scattering, and E the correction for
extinction and multiple diffraction. After measurement of the diffraction peaks, their
intensities should be corrected for the above-mentioned factors. The topicality of these
corrections is dependent on the experimental setup and shape and composition of the
used sample. For a polycrystalline sample measurement (powder-diffraction
experiment), most of these corrections are included already in the programs for the
refinement of the measured pattern (e.g. program FullProf [14]) and are described in
detail in literature [15-17]. FullProf is one of the programs that allow us to obtain
parameters of crystal and/or magnetic structure from measured diffracted intensities or
from the whole diffraction profile (in case of powder diffraction). Since we used this
particular software in our data evaluation, we will discuss the refinement of the
structure using this program. The program FullProf was originally developed for the
fitting of the measured patterns from the neutron and X-ray powder diffraction
experiments, but nowadays it is able to refine also single-crystal diffraction data. For
the refinement, it uses the Rietveld method [18] that is based on initial knowledge of
the structure type. By varying the requested (fitted) parameters the method finds the
best agreement of the calculated profile wit the measured one.

In case of measurement on a single-crystalline sample, one should consider
several of these corrections to be made manually. The exact corrections to be made on
the as-measured intensities depend on the used refinement program. In the FullProf
program the intensities are listed in a special file as-measured without information
about the sample and the arrangement. We will deal a bit more with the two most
important corrections that we needed to deal with during refinement.

The correction for the Lorentz factor in our special case of single-crystal
diffraction in the equatorial plane should be taken into account in reduced form as

13
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L'=sinycosv, (2.21a)

where 7 is the angle between the incident beam and the projection of the diffracted
beam onto the equatorial plane (the plane given by the plane of the movement of the
detector), and v is the angle of the diffracted beam with the equatorial plane. For
reflections within the equatorial plane, this expression reduces to

L'=sin26. (2.21b)
For diffraction made on a powder sample, the Lorentz factor equals:
L =sin 20sind. (2.21c)

The intensity of radiation, when passing through matter of thickness ¢, is
reduced according to

I=1e", (2.22a)

where p is the total linear absorption coefficient, and 7/ and /; are the transmitted and
initial intensities, respectively. If the sample is bathed entirely in the beam (i.e. ¢ being
the total path length of the incident and diffracted beams within the crystal for each
volume element), the absorption for the whole crystal is obtained by integration over
all volume elements, defining the absorption factor A4:

L
Izlo;je May =14 . (2.22b)

14

It is observed that the mass absorption coefficient p/p, where p is the density
of the absorber, is reasonable approximation. The value of this expression is
independent of the physical state of the absorber and for a compound it is additive to
u/p of the elements. Tables of u/p for X-rays are listed in [19], and the values of the
absorption cross-sections required to calculate the p/p for neutron experiments are
listed in [12].

14
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3. Previous results

3.1 RTX compounds

The RTX compounds form a relatively large group of compounds consisted
from rare-earth (R), transition metal (7) and p-metal (metal with unfilled p-shell of
electrons, from the I1IB, IVB or VB group of the Periodic Table) (X) elements.

The RTX compounds crystallize in various structures. The most usual are three
types: orthorhombic TiNiSi-type structure, hexagonal AlB,-type structure and
hexagonal ZrNiAl-type structure.

Most compounds from the RNiAl, RCuAl, RPdAI, RNiln, RCuln, RPdIn,
RAuln, RRhSn and RPdTl series crystallize in the ZrNiAl-type hexagonal
structure [20]. Generally, in this crystal structure type crystallize more heavy- than
light rare-earth based compounds. There are several RTX compounds (e.g.
TbPtSn [21], TbPdAI [22]), crystallizing in the ZrNiAl-type or in the orthorhombic
TiNiSi-type structure, depending on the way of preparation.

From the point of view of magnetic properties, the R7X compounds
crystallizing in the ZrNiAl-type structure have not been studied so systematically
(except for Ce-based compounds) and the interest on these compounds is increasing.
Quite complex study on the basis of magnetization, susceptibility, specific heat,
electrical resistivity and also neutron diffraction, was performed for the RNiAl and
RCuAl series [1,2] (see below). Just several of the other RTX compounds have been
studied. An antiferromagnetic (AF) behavior was observed e.g. for some RRhSn [23],
RPtSn [24], RAgGe [25,26] compounds. For some of e.g. RPtIn [27], RPdAI [28] and
for DyAgGe [25] ferromagnetic (F) behavior has been reported.

Some anomalous magnetic behavior has been observed for Ce- and Yb-based
compounds. For instance CePdIn [29], CePdAl[30-33] and YbNiAl [34,35] were
found to be antiferromagnetically ordered with heavy-fermion behavior, CePtIn is
a nonmagnetic heavy-fermion system [36], CeNiln is a valence-fluctuating system
with a Kondo-like behavior [37].

The magnetocaloric effect in RTX compounds is recently also investigated.
The effect itself is not huge in these materials but the correlation between magnetism
and magnetocaloric effect attracts attention [38-40].

15
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3.2 RNiAl and RCuAl

Crystal structure of the RNiAl and RCuAl compounds was first described by
Dwight et al. in 1968 [41]. Except for the La-based materials, all the RNiAl and
RCuAl compounds crystallize in the ZrNiAl-type hexagonal structure (space

group P62m, see chapter 5.1.1 Results — Crystal structure).

In early seventies of the twentieth century there were made deductions about
all of these compounds to be subtle ferromagnets, except for CeNiAl, which remains
paramagnetic down to the temperature of 4.2 K and for ErNiAl and TmNiAl that were
found to behave metamagnetically [42].

Later, in 1992, another results of the magnetic properties of RNiAl compounds
were published [1,43]. The new measurements showed the compounds with heavy
rare-earths (i.e. Gd-Tm) to undergo two or three magnetic phase transitions.
Compounds with R=Gd, Tb, Dy, Ho show coexistence of ferro- and
antiferromagnetic interactions. The magnetic ordering temperature in the RNiAl series
is roughly proportional to de-Gennes factor. The exception is PrNiAl where enhanced
ordering temperature was ascribed to a stronger hybridization between 4f and ligand
states. An intermediate valence state of Ce-ions was speculated in CeNiAl. The
coexistence of ferromagnetic and antiferromagnetic ordering in RNiAl for R = Tb, Dy
and Ho has been later confirmed by neutron diffraction experiments [44,45].
Incommensurate magnetic structures have been found in PrNiAl, NdNiAl [46] and
YbNiAI [47].

The study of magnetic properties in RCuAl series is given in Refs. [2,48].
YCuAl and LuCuAl exhibit a Pauli paramagnetic behavior. The heavy rare-earth
RCuAl compounds have been found as ferromagnets except for indications
of antiferromagnetic ordering observed in low-temperature phase of DyCuAl
No magnetic ordering in TmCuAl was reported in [48], while an AF order below 1.9K
was reported in [49]. Complex AF order at low temperatures was finally confirmed by
neutron diffraction [S0]. Among the light rare-earths, PrCuAl behaves
antiferromagnetically and coexistence of ferro- and antiferromagnetic ordering has
been observed in NdCuAl [51].

3.3 TbNi,;..Cu,Al

The TbNi,,Cu,Al pseudo-ternary compounds were studied by Ehlers et al. [3].
These compounds crystallize in the ZrNiAl-type hexagonal structure within the whole
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concentration range of x [3,41]. The parent compounds (TbNiAl; TbCuAl) behave in
accordance with the general properties in RNiAl and RCuAl as described above.

The TbNiAl orders antiferromagnetically below the Néel temperature
Ty =47 K, with all Tb moments ordered. One third of Tb moments have considerably
reduced magnitude compared to the remaining 2/3 of Tb moments [52]. The
compound undergoes another magnetic transition at 7; =23 K, which is connected
with the change of propagation of the frustrated spins. All the Tb moments are of
equal size of 8.1 ug at 2 K. On the other hand, TbCuAl is a simple ferromagnet with
Tb moments along the c-axis with the magnitude of 7.7 pg [52]. All the Tb moments
are of equal value at 2 K.

While increasing the concentration parameter x the lattice constants a and ¢
raise systematically without any unexpected change at 60 K [3]. The ordering
temperature changes strongly with the Cu-concentration in the range from 25K
to 59 K over the whole series TbNi; Cu,Al. The Curie-Weiss temperature @, is
positive for both the ferro- and antiferromagnetic compounds. In the range of
0.01 <x <0.10 the coexistence of ferro- and antiferromagnetic ordering was observed.
This coexistence is not based on the idea of different parts of the sample with different
type of alignment, but there should be “domains” in the whole compound which differ
in the type of magnetic order (in the sense of volume with uniform type of order; not
Weiss domains). Ferromagnetism has been found above the concentration of x > 0.15.
The exception range of 0.60 <x<0.80 was marked asregime with a dominant
short-range magnetic order. A change ofthe magnetic coupling mediated by d
electrons (Ni-rich part) to that one mediated mainly by s electrons (Cu-rich part) is
proposed to explain observed data.

The antiferromagnetic order in TbNiAl is fast suppressed also by substitution
of few percent Tb by Y resulting in ferromagnetic order, similar to TbNi; ,Cu,Al
system [53].

3.4 ErNi;Cu,Al

In case of the Er-based
pseudoternary series the change from an
antiferromagnetic triangular-like
arrangement within the basal plane, as

displayed on Figure 3.1 [54], to a simple Figure 3.1: Arrangement of the magnetic
moments within the a,b-plane in the ErNiAl

ferromagnetic order of magnetic moments compound [54].
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along the c-axis was expected. There are two specific changes in this series from the
Ni- to the Cu-containing compound. One is change of rhe character of magnetic order

ErNi, ,Cu Al
=2 K| T T T T T T T T T T
=0.05 = o ErNi
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2 r=20K Figure 3.3: Low-temperature part of the heat capacity
= 2 in the ErNi;_,Cu,Al series. The figure is taken from [4].
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Figure 3.2: Magnetization s al(5-6K)
curves of several ErNi;,Cu,Al [ . c(B6K) | -7 e
samples as presented in Ref. [4]. . ; T 400
700 | e } E /
: . g v 395
(antiferro- to ferromagnetic) g gog 7 }f T
. . . a . 390
and another is reorientation of 3 i i S %
. 696 - , b
the magnetic moments from % \ 383
the hexagonal q,b-plane to the 694 | 380
direction 'paralle.l . to S | 475
crystallographic c-axis. Since !
there was observed a step in ﬁL
. : |
the concentration dependence | |
of lattice parameters between : :
x=0.5 and 0.6 at the room P
temperature (and the X

suggestion that this step is Figure 3.4: The summary of previous results obtained on the
ErNiy,Cu,Al series — from both structural and magnetic point of

hold down to at least 5 K was view as concluded in [4].

later confirmed), there was a

suggestion that this reorientation might be connected with this structural step.
Moreover, the bulk measurements performed on samples from this system

showed that character of the studied compounds is consequently changing from

antiferromagnetic (for samples with x <0.2) to ferromagnetic. The samples with

x <0.2 exhibit signs of both — ferro- and antiferromagnetic — behavior while the
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ferromagnetic one is getting stronger with increasing Cu-content (see Figure 3.2 [4]).
The short-range order was not observed on any of the ErNi, ,Cu,Al samples on the
bulk data like it was expected after results from the Tb-based series. The sample with
the critical Cu-concentration x = 0.8 exhibits ferromagnetic-like behavior similar to
parent ErCuAl — that was previously confirmed to be ferromagnetically ordered [54] —
just the heat capacity data showed a broader anomaly at potential ordering temperature
than the other compounds (Figure 3.3 [55]). Another question arisen after completing
the bulk measurements concerned the coexistence of ferromagnetic and
antiferromagnetic character in the x <0.2 compounds. Summary of these results
connected with the structural results are displayed on the Figure3.4. The
unclearnesses about magnetic structures needed to be clarified by the
neutron-diffraction experiment.

3.5 DyNiAl and DyCuAl

The DyNiAl compound was studied previously using neutron diffraction on a
polycrystalline samples [44,45]. It orders ferromagnetically below 7.=31K and
undergoes another transition at 77 =15 K where an additional antiferromagnetic
component appears. Several discrepancies between results obtained by these two
authors needed to be decided, especially the magnitude of the Dy-moments,
orientation of the antiferromagnetic component and possible frustration of one third of
the Dy moments.

The bulk magnetic properties of DyCuAl were found to be very similar to
DyNiAl, thus similar magnetic structure was expected [48]. The magnetic ordering
temperatures were found to be also close to DyNiAl — DyCuAl orders at 7c =28 K
and another phase-to-phase transition was found at 77 = 12 K. The neutron diffraction
experiment was nevertheless not performed on this compound.
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4. Experimental methods

4.1 Sample preparation

The polycrystalline samples were prepared by arc-melting in mono-arc
furnace either at the Department of Electronic Structures (DES) in Prague or at the
National Institute for Materials Science (NIMS) in Tsukuba. In both cases, the
preparation was done under protective argon atmosphere — at a pressure of 50 kPa
after a previous vacuum of 0.5-2 Pa at DES and — at pressure of ca 90 kPa after
previous vacuum of 10°Pa in case of preparation at NIMS. The polycrystalline
samples were turned and remelted five times to achieve better homogeneity.

A single crystal of DyNiAl was grown by using the modified Czochralski
method in the tri-arc furnace installed at DES. The amount of initial mixture of the
pure elements was about 7g. The alloy was turned several times and then kept in the
molten state for about 1 hour to ensure good homogeneity. The single crystal was
grown using a tungsten rod as a seed with a pulling speed of 8 mm/hour. Since
preparation of the single-crystalline samples of the RTAl compounds, especially the
RCuAl ones (including the substituted series), is very difficult because these are
incongruent alloys, we were not able to prepare more samples in the single-crystalline
form, although we were trying it several times.

The initial mixture of pure elements, corresponding to the stoichiometric
composition of the samples to be prepared, consisted of pure elements with purity
0f99.9% for the rare-earth elements (Er, Tb, Dy), 99.995% for Ni and Pd and
99.999% for Cu and Al. In most cases, there a small excess amount of Al was used
(0.5to 1% was added to the expected weight) of Al in order to compensate for
evaporation during the melting.

Several samples were wrapped into Ta foil and annealed for 10 days at 900 K.
However, as X-ray and microprobe analysis showed, annealing had no effect on
the sample quality.

Microprobe

The microprobe analysis of selected samples has been performed
at the Institute of Physics, Czech Academy of Sciences, using microanalyser
JXA-733 (JEOL). The following lines have been selected for the analysis of individual
elements: Al-K,, Cu-K,, Er-K,, Dy-K,, Ni-L. The energy of the electron beam was
20keV. Pure Er, Cu, Al and Ni were used as standards. The weight concentrations
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have been obtained from the measured relative intensities (i.e. ratios to the standards)
using a ZAF method [56] and a KEVEX program support [57].

The overall view of the surface of the samples has been obtained using
COMPO-method. It uses the reverse-scattered electrons whose count is proportional
to the mean atomic number of the emitting area. This method is usually being used
for resolution of the phases (hence COMPOsition).

The electron-microprobe
experiment was performed on
selected samples of the Er- and the
Dy-based series as well as the
DyNiAl single crystal sample. The
results of the sample composition of
the ErNi,;_Cu,Al are included in the
previous work [55]. The results for
selected compounds from the
DyNi;Cu,Al series (x=0.2, 0.4,

0.6, 0.8) are shown in the Table 4.1 _ 5
and the Figure 4.1 displays the Mechanical

. . . defects on
microscopic view of one of the surface ‘ ‘

samples. The stoichiometric

Figure 4.1: Photographic zoom of the surface of the

composition of the main phase is in  pyNj ‘cu Al sample  studied by  the
agreement with expected values — it ~ electron-microprobe experiment.

is close (within the error of the

method ~ 2-3 %) to the ratio of R:7:X=1/3:1/3:1/3 composition (resulting in 1:1:1
stoichiometry). The ratio of the Ni and Cu content determines the real substitution
parameter x. One can see that the real Cu-content is slightly lower in comparison to the
nominal one. Nevertheless, this shift is in range of few % what is similar to the
accuracy of the experiment itself. Moreover, in all the samples, one minority phase
could be visible. This impurity phase corresponds to a stoichiometry approx.
Dy, T, sAl; 5. Such compounds correspond to that ones discovered among the Er-Cu-Al
systems [58], corresponding to the category of the ErCuyg,.,3Algg.7 stoichiometry.
The impurity phase was observed also in previously studied compounds but no
observable influence on the magnetic properties was observed as it was shown by the
neutron diffraction and bulk experiments [2,48,54,55].

The electron-microprobe experiment performed on the DyNiAl single
crystalline sample that was used for the further studies, confirmed a single-phase
compound with the real composition of Dy, sNigosAlyg7;. The sample was also
checked for the phase purity by the X-ray diffraction including determination of the
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lattice parameters. The X-ray diffraction pattern was found as a single-phase and the
determined lattice parameters were found to be a = 699.8 pm and ¢ = 384.7 pm what is
in good agreement with literature data [44,45].

Table 4.1: The composition of the selected DyNi;.,Cu,Al compounds
studied by the electron-microprobe experiment.

Atomic fraction (in %)

x Phase type Dy Ni Cu Al Real x

0.2 Main phase 33.87 26.59 5.55 33.99 0.173
) Impurity phase | 25.23 28.28 11.12 35.38

04 Main phase 34.06 19.76 12.23 33.95 0.382
) Impurity phase | 20.73 16.29 29.61 33.36

06 Main phase 34.07 13.72 18.06 34.15 0.568
) Impurity phase 18.41 12.00 33.81 35.79

08 Main phase 34.26 7.23 22.50 36.01 0.757
) Impurity phase 17.95 5.09 43.56 33.39

4.2 X-ray diffraction

Room-temperature X-ray diffraction

The X-ray diffraction experiment was used for two purposes — to check the
sample quality and also for the study of the crystal structure. All of the samples have
been analysed by X-ray powder diffraction at the room temperature with
a conventional diffractometer working with the Bragg-Bretano geometry — either
Siemens, installed at the DES (Charles University) or Rigaku Rotaflex, installed at
NIMS (Tsukuba).

Radiation of Cu(Co) with the wavelengths A(Ko,;)=1.5405A and
AKo,) =1.5445 A (AKo,)=1.7889 A, A(Ka,)=1.7928 A, respectively) was used
for the experiment. Diffraction patterns were measured with angular resolution of
0.05° (Siemens) or 0.02° (Rigaku).

The data were analysed by the FullProf program [14], which enables to refine
data from X-ray and neutron scattering. The structural parameters are refined from
the positions and intensities of the observed peaks.

The Laue back-scattering patterns were used to check the single-crystalline
state of the DyNiAl and to orient the crystal before cutting the samples.
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Low-temperature X-ray diffraction

The study of samples investigated by X-ray diffraction at low temperatures
was performed by the method as described above, moreover the cooling option was
provided either by a closed-cycle refrigerator (DAIKIN) operating in the temperature
range of 8-320K (Rigaku-Rotaflex, NIMS), or the samples were cooled using the He
gas as the cooling medium for study in the temperature range from 3.7 K up to 296 K
(Siemens, DES). Cu-K,; , radiation was used as the incident probe.

High-temperature X-ray diffraction

High-temperature X-ray diffraction was performed on several samples using
equipment installed at the Van der Waals-Zeeman Institute of the University of
Amsterdam. The instrument consists of a Nonius powder diffractometer with a
120-degrees position-sensitive (bended) Inel detector and electronics. The
high-temperature attachment and controller have been purchased from Anton Paar.
The heating option was provided by a Pt strip which was the heater element and on
which also the powder sample was put. The temperature was measured by means of a
Pt-PtRh thermocouple, pointwelded to the bottom of the Pt strip. Measurements were
performed under vacuum of about 10 mbar from room temperature up to 900 °C.

Cu-K,,; » radiation was used and the patterns were measured with a resolution of 0.03°.

4.3 Magnetization measurements

The samples for DC-magnetization measurements were made as powder
samples consisting of randomly oriented grains fixed by nonmagnetic glue in a small
ampoule. The mass of powder sample was approximately 30-50mg. In the case of the
DyNiAl single crystal the sample was fixed by the Teflon holder in the requested
orientation with respect to the direction of the external magnetic field.

All the low-temperature and some high-temperature dependencies
of DC-magnetization, and all the magnetization curves have been measured
at the Joint Laboratory of the Charles University and the Institute of Physics using
the Physical Property Measurement System (PPMS) instrument, Quantum Design.
Here, the magnetized sample is moved through the detection coils and induces a
voltage in the detection coils set. The amplitude of this signal is proportional to the
magnetic moment and the speed of the sample during extraction. We have performed
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our measurements in the temperature region from 2 to 300 K, in external magnetic
fieldsup to 14 T.

4.4 Specific heat

The specific heat experiments were performed using the PPMS instrument.
Measurements were done on polycrystalline samples with the weight of 20-30 mg. The
sample was attached to the sample holder by the Apiezon N grease to improve the
thermal contact between the sample and the sample holder. The PPMS software uses
the two-t relaxation method to determine the heat capacity values. After reaching high
vacuum in the sample space, the required temperature is stabilised and a known pulse
is applied. From the time evolution of the temperature one can determine the heat
capacity of the system sample holder + Apiezon + sample [59]. If we firstly measure
the empty sample holder with the Apiezon, we can determine the heat capacity of the
sample itself from the difference between the empty holder and the system sample +
holder. The advantage of this method in comparison with classical adiabatic method is
a possibility of using small samples that is useful in case of studies of intermetallic
samples that cannot be prepared in large amounts (for more details see [59]).

4.5 Neutron diffraction
:

The  magnetic structures
(besides the nuclear ones) were
microscopically determined by the
neutron diffraction experiment. There / Monitor
are similar rules valid to scat‘ter- bot.h - _—.
the neutron and the X-ray radiation, i.e. A —
: : : : g
in the case of elastic scattering (which S
is the only type that we use for purpose o s
of this work to determine the magnetic 0o

o
o =]
oOoqooOOO

MMultidetector

Figure 4.2: The schematic picture of the
powder neutron-diffraction experiment

structures) the neutrons follow the
Bragg’s law (see chapter 2. Theory). In
the equation (2.14) parameter A is the

wavelength of the neutrons used for the
experiment. The wavelength is being

arrangement. This figure describes the D1B line
in ILL that was mostly used for our
polycrystalline-samples studies.
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selected from the white beam coming from the source by a monochromator —
generally, the crystals like pyrolytic graphite (PG), silicon, beryllium, germanium,
copper and other materials set to a reflection condition of a selected reflection can be
used as a monochromator. In our case a single crystal in a specific orientation (see
Figure 4.2) was used. The monochromatic beam was then scattered by the sample and
angular distribution of the scattered neutrons defined the studied material from point
of view of the crystalline structure as well as the magnetic structure.

Powder neutron diffraction

A powder neutron diffraction experiment is used to study the polycrystalline
samples. In this type of experiment, the neutron beam is scattered by the sample in a
powder form. A detector then counts the angular distribution of the diffracted
intensities. The banana-type multidetector is used. sample

The Figure 4.2 shows arrangement of the D1B
diffractometer installed in the Institut Laue-Langevin
(ILL) in Grenoble that was used for most of our |
neutron-diffraction experiments performed on powder : :
samples. The initial wavelength of the neutron beam : :
selected by the pyrolytic graphite (002 reflection) was | |
Apig = 2.52 A. The banana multidetector worked with : :
resolution of 0.2° (400 channels covering the range of : :
80 degrees). We used a Vanadium holder with the : :
inner diameter of ¢ =5mm to fix the powdered i i
samples of amount approx. 5 g. In case of Dy-based ! !
series (DyNi;_,Cu,Al) we had to choose different type o1 i N

N — -

of holder due to high absorption caused by the Dy
atoms. The special holder (also made of Vanadium)
was a double-wall container with the sample space

restricted by diameters @ =9 mm and ¢ =8 mm and
the length of 60 mm (see Figure 4.3). We used
amounts of approx. 2-3 g in this case. Standard orange
cryostat was used for cooling the sample down to the
lowest temperature of 1.6 K. The crystal structure and
magnetic structure can be then refined by fitting of the

Figure 4.3: The double-wall
container used for the neutron
diffraction on the Dy-based
samples. The powder sample is
placed in the tiny space
restricted by the two cyllindrical
walls with diameters ¢ and ®.

model scattering profile to a measured one by various programs (e.g. FullProf [14]) -
similar to the X-ray powder diffraction. The neutron scattering form factors for all the
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elements are included in the refinement program. We applied the special correction on
the absorption on the data of the Dy-based samples due to the double-wall container
that was used specially to reduce the effect of very high absorption of Dy. The
correction was applied using the program built up in accordance with the experimental
setup [60]. The correction on the Lorentz factor (eq. (2.21)) was performed also in the
case of Er-based samples, in this case we could use standard correction (according to
eqs. (2.22), see part 2. Theory) that is included in the refinement calculations of the
program FullProf [14].

Single-crystal diffraction

The neutron diffraction on a single-crystalline samples can be measured using
a four-circle diffractometer or its simplification two-axis diffractometer (see
Figure 4.4). The sample is oriented to a specific orientation with respect to the initial
beam and the detector can be

then moved to exact position

corresponding to the studied
‘

A

reflection. On this position
the detector either performs

some kind of scan (2 theta

Detector Cradle

=

scan, theta-2theta or -scan
etc.) to cross the reflection in
the reciprocal space (in case
of single detector) or the
intensity of the diffracted
beam is simply counted by a

Sample Table

2D detector (if such a  Figure 4.4: The schematic picture of the D15 two-axis
. diffractometer in ILL Grenoble that was used for our
detector is used) to know the single-crystal diffraction experiment in zero external magnetic

intensity of the studied field.

reflection. From the set of measured intensities one can again determine the crystal and
magnetic structure. Single-crystal experiment provides usually more information in
comparison to powder diffraction where several reflections of the same type fall into
the same diffraction angle but in case of single-crystal diffraction these will be
observed in different positions symmetrically situated with respect to axis of the initial
beam. Thus it can happen that from powder diffraction experiment two or more
possible solutions of the magnetic structure will arise but studying of the equivalent
reflections — e.g. 100 and 010 in the hexagonal symmetry — one can decide between
the two possible arrangements.
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For our single-crystal studies on DyNiAl sample we used the two-axis
diffractometer D15 in ILL (establishment of the magnetic structure at low temperature
and zero external magnetic fields; Figure 4.4) with the initial wavelength of the
neutron beam Ap;s=1.17A (Cu single-crystal monochromator). The sample of size
1.20 x 1.24 x 1.54 mm’ was used for the experiment. Program MXD [61] was used for
the refinement. The scattering factors and absorption cross-sections tabulated in
Reference [12] and the magnetic form factor of Dy’" ions given in Reference [13]
were used in the analysis. The crystal structure was refined from intensities of
72 non-equivalent reflections (204 in total) measured at 40 K. No extinction correction
was necessary to apply. The correction on the Lorentz factor was done according to
the equation (2.21a). Correction on the absorption factor (equation (2.22)) did not
bring any difference in the fit. The ferromagnetic component has been obtained by
analyzing the same set of reflections at 2K, the AF one by analyzing intensities of 30
non-equivalent (110 in total) reflections at 2K.

For the single-crystal diffraction study under high magnetic field we used the
two-axis difractometer E4 operating in Hahn-Meitner Institute Berlin (HMI) with the
wavelength of the incident beam Ay = 2.44 A (PG). The measurements performed on
the E4 diffractometer (HMI) were performed with the external high-magnetic-field
option provided by a superconducting coil with vertical orientation up to 14.5 T. The
same piece of the crystal as for zero-field experiment in ILL was used for this
measurement. The geometry of the split magnet allowed us to measure only reflections
in the horizontal (equatorial) plane. Thus we were restricted to measure only
reflections of the (h h I)-type in the “field along a-axis” (H || @) arrangement and the
reflections of the (hOl)-type in the “field perpendicular to a-axis” (H || b)
arrangement. All reflections were measured both with increasing and decreasing field,
with no intensity difference. Program FullProf [14] was used for the refinement. Due
to the geometry of the experimental setup we used the correction on the Lorentz factor
in the form of equation (2.21b).
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5. Results

The studied compounds were studied from point of view of crystal structure and
magnetism. Both ways have brought interesting results. We will deal with the structure
and magnetic data separately.

5.1 Crystal structure

The previous structural study of the ErNi,_,Cu,Al series [55] brought a
surprising discovery of a step in the concentration dependence of the lattice constants a
and ¢ between 0.5 <x < 0.6. This step was observed at room temperature and also at the
low temperature 7= 1.6 K (neutron diffraction).

Similar step was observed also in the DyNi;Cu,Al series, shifted in the
concentration dependence between 0.3 < x < 0.4 (this work). Observing previous results
done on the TbNi; ,Cu,Al series [62], which exhibits the same type of step in the
structure at room temperature, brings a sign of tendency of the step in the RNi;.,Cu,Al
compounds with respect to the involved R element. Moreover, the step in the lattice
parameters in the studied compounds has a common parameter — in all the cases the
ratio of ¢/a skips the same values from approx. 0.565 to 0.575.

Another study of several compounds crystallizing in the ZrNiAl-type crystal
structure showed a step within the evolution of the temperature dependence of the
lattice constants. This step can be observed especially for compounds having the ratio of
the lattice constants c/a close to the critical range as mentioned above (e.g.
GdNiAl [63,64], GdPdAI [65,66], TbNiAl [62], TbPdAl [22]). Similar step is also seen
when inspecting the RNiAl or RPdAl series between R = Sm and Gd [41]. This brings
an idea of a common rule for the RTAl compounds crystallizing in this structure type
that there is a kind of a “forbidden ratio” of the lattice constants c/a that cannot be
reached by these compounds. In this section we will describe this effect on the
compounds that we have studied and at which we could observe this property.

For the purpose of labelling we will call in further text values of c¢/a below the
forbidden region (close to the lower boundary of ¢/a = 0.565) as a “low c¢/a” and the
values of ¢/a above the step-like change (above the higher boundary of ¢/a = 0.575) as a
“high c/a”.

We have also discovered two examples where this rule of forbidden c/a ratio
region is not complied. In case of the TbPd, Ni, Al series, c/a ratio for the compounds
with x =0.2, 0.5 and 0.8 at a given temperature fall into the forbidden shell. Also in
case of compounds Ce,.,Y,PdAl with x = 0.4 and 0.6 where two coexisting phases were
observed at room temperature, one of the two phases also reaches the forbidden value of
the c/a ratio. We will discuss it in the Chapter 6. Discussion.

28



5. Results

5.1.1 ZrNiAl-type structure

The studied materials belong to the group of ternary intermetallic RTX

compounds crystallizing in ZrNiAl-type hexagonal structure (space group P62m ; group
No. 189; see Figure 5.1a). R stays here for a rare-earth metal, 7 is a transition metal and
X stands for II1IB, IVB or VB group of the Periodic Table of Elements.

Figure 5.1b: Two types of basal planes in ZrNiAl-type structure.

There are two types of planes in the ZrNiAl-type hexagonal structure (see
Figure 5.1b). One type of the basal planes contains the rare earth (R) and one out
of three atoms of the transition metal (7)) per unit cell. Two such layers are separated by
a non-magnetic layer containing p-metal (X) and two out of the three transition metal
atoms (7). These two planes change periodically in the ABAB... sequence.
The coordinates of the elements are following:

3R : (X,0,%2), (0,Xg,72), (-Xg,~Xg,"2) 17:(0,0,%)

3X : (Xa1,0,0), (0,X41,0), (-Xa1,-Xa1,0) 2T : (5,%5,0), (%4,75,0)

While the positions of transition-metal atoms are fixed, the positions of rare-earth and
p-metal atoms depend on structure parameters Xz and X, Values of these parameters
are obtained from X-ray analysis (see Tables 5.1 and 5.2).
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As it is seen from the Figure 5.1, each ofthe R atoms has four nearest
neighbours of the similar element in the same basal plane at a distance

d=a\1-3X, +3X} (5.1)

Another two neighbours lie in the nearest plane of the same type at a distance
of the lattice constant ¢. The ratio c¢/a determines which of these two types
of neighbours is the nearest neighbour, eventually.

5.1.2 Effect of substitution
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neutron-diffraction a,c in the ErNi;,Cu,Al series as studied by X-rays [55] and using
. the neutron diffraction. The evolution of the lattice-constants
experiment on these ratio ¢/a and of the formula-unit volume V%, at room temperature
compounds (x=0.05, 0.1, isdisplayed too. Sample with x = 0.55 contains two isostructural

. phases with different a and c.
0.2, 0.4, 0.5, 0.6, 0.8) in
temperatures down to 7= 1.6 K. In addition, another two samples were prepared to
complete the picture: x = 0.3 and 0.55. The Figure 5.2 displays the X-ray data measured
at room temperature in comparison with that ones measured by the neutron diffraction
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at the lowest studied temperature. Table 1 summarizes the measured parameters at room
temperature and at 7= 15 K by the neutron diffraction (in the paramagnetic state). The
change of the lattice between the lowest temperature and 15 K is negligible. One can
see that all the data measured by the neutron diffraction keep the character of the
step-like evolution of the lattice parameters as it was observed at room temperature.

Although the lattice parameters in this series change step-like, the evolution of
the volume keeps the linear evolution following the Veggard’s law (see Figure 5.2).

Table 5.1: The lattice parameters of the ErNi;,Cu,Al samples at room temperature and at 15 K. The
sample with x = 0.55 was not measured by neutron diffraction, the low-temperature data were taken
from the low-temperature X-ray diffraction measurement at T = 10K.

N T =296 K (X-ray data) T =15 K (neutron data)
a (pm) ¢ (pm) Xegr Xl a (pm) ¢ (pm) Rpgrage
ok 696.9(0.5) 380.1(0.3) 0.584 (3)  0.203(18)  695.0(1.0)  380.0(1.0) 49
0.05 698.0(0.1) 380.6(0.1) 0.584 (1)  0.214(05) 693.5(0.4) 377.3(0.4) 3.6
0.10 698.8(0.2) 380.7(0.1) 0.585(1)  0213(07) 693.6(0.4) 377.8(0.4) 4.9
0.20 699.9(0.2) 381.3(0.1) 0.585(1)  0.209(09)  695.6(0.4) 377.7(0.4) 2.1
0.30 700.8(0.2) 381.6(0.2) 0.585(1)  0.209(09) 696.9(0.3) 378.2(0.3) 5.3
0.40 701.3(0.3) 383.3(0.2) 0.584(2)  0.209(11)  697.4(0.3)  379.0(0.3) 4.1
0.50 701.8(0.9) 385.4(0.5) 0.583(4)  0.184(20)  698.5(0.2)  380.4(0.2) 3.8
055 701.3(0.4) 387.6(0.4) - - 698.7(0.3)  385.9(0.2) -
692.3(0.2) 398.2(0.2) - - 689.000.1)  397.7(0.1) -

0.60 692.8(0.2) 398.6(0.1) 0.584 (1)  0.232(09) 688.3(0.2) 395.9(0.2) 8.5
0.80 694.4(0.2) 399.9(0.1) 0.582 (1)  0.185(09)  690.4(0.4) 398.1(0.4) 5.9
1654 697.6(0.5) 401.6(0.4) 0.588(3)  0.190(23)  696.0(1.0)  399.0(1.0) 52
DyNi; .Cu,Al

The X-ray powder diffraction measurements performed on the DyNi; ,Cu,Al
series discovered a sudden step in the lattice constants (a,c), similar to that one in Er-
based series. Nevertheless, in comparison to the Er-system (where the step appears
between 0.5 <x < 0.6), this discontinuity is shifted to lower concentration region of
0.3 <x < 0.4 in the Dy-based one (see Figure 5.3). Similarly to the Er-based series, this
abrupt change is not connected with any step in the volume evolution.
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The neutron diffraction
experiment confirmed that this
behavior is similar in the low
the
magnetically ordered state (as
will be discussed later). This
means that the structural step is
being kept down to 7=1.6 K
(see Figure 5.3), the only
difference from the 300 K data
is

temperatures, even in

reaching lower absolute
values of the lattice constants
a,c due to the lattice thermal
The Table 5.2

displays the values of the lattice

expansion.

parameters at room temperature
T'=40K
paramagnetic state). The change

and at (i.e. in

of the lattice constants between
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Figure 5.3: The structural parameters a,c and calculated
ratio ¢/a and volume V;, in the DyNii,Cu,Al series as
determined from powder X-ray and neutron diffraction.

40 K and 1.6 K is practically negligible. The values of the c/a ratio are being kept over

all the concentration scale very similar for both — the room temperature and the low

temperatures with the only exception around x = 0.4 where the step-like behavior is

being more pronounced (Figure 5.3). The linearity of the volume evolution is

nevertheless not affected by the structural step like in the Er-based series. As it can be

seen from the Table 5.2 the values of the internal parameters Xp, and X,; do not change

within the concentration scale x.

Table 5.2: The lattice parameters of the DyNi,.,Cu,Al compounds at room temperature and at 40 K.

N T=300 K (X-ray data) T =40 K (neutron data)
a (pm) ¢ (pm) Xpy Xl a (pm) ¢ (pm) Ry, a0,

0 699.8(0.2) 384.7(0.1) - - - - -
0.1 700.6(0.2) 385.1(0.1) 0.583(2) 0.225(14) 697.7(0.4) 384.2(0.3) 7.9
0.2 702.0(0.1) 386.3(0.1) 0.584(2)  0.229(13) 698.8(0.4) 385.7(0.2) 4.1
0.3 701.9(0.3) 386.5(0.3) 0.581(4)  0.237 (30) 698.8(1.1) 386.2(0.6) 13.9
0.4 695.4(0.2) 398.2(0.1) 0.580(2) 0.219(17) 689.1(0.6) 398.0(0.3) 4.5
0.5 695.2(0.4) 399.0(0.3) 0.581(3)  0.200 (24) 692.7(0.8) 399.6(0.4) 7.7
0.6 696.4(0.1) 401.5(0.1) 0.581(2) 0.199 (14) 694.4(0.5) 401.1(0.3) 4.5
0.8 698.8(0.1) 403.7(0.1) 0.581(2) 0.201 (17) 694.3(0.6) 401.5(0.3) 4.9
0.9 699.8(0.3) 403.7(0.3) 0.583(6)  0.238(62) 697.8(1.5) 402.7(0.8) 6.4
1 702.0(0.1) 403.5(0.1) 0.579 (3) 0.194(22) 700.5(0.8)  402.6(0.5) 8.0
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TbNi]_xCuxAl
TbNi;.,Cu,Al  exhibits
the structural discontinuity

between x=0.2 and 0.3 at
the room temperature (see
Figure 5.4 and Table 5.3), as

already observed by Ehlers in
thesis [62].

his

low-temperature

Our
X-ray

diffraction study of this series
discovered that below 200 K
is shifted to
range between
x=0.0 (TbNiAl) and 0.1, and
at T<90K
structural

the transition

there is no
step in
Cu-concentration dependence
— in accordance with statement
of Ehlers at 7=60 K in [3].
The the
temperature of

compounds with x=0.0, 0.1

step within

dependence

and 0.2 will be discussed later.
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Figure 5.4: The structural parameters a,c and calculated c/a
ratio and volume Vi,
determined from X-ray powder diffraction. The data at 60 K
are taken from [3].

in the TbNis,Cu,Al

series as

Table 5.3: The lattice parameters of the TbNi,_,Cu,Al compounds for 0.0 < x < 0.3 at room temperature,
at T=160 K and at T = 8 K as measured by X-ray diffraction.

N T=300K T=160K T=8K
a (pm) ¢ (pm) a (pm) ¢ (pm) a (pm) ¢ (pm)

0 699.5(0.1) 387.6(0.1) 696.4(0.1) 388.9(0.1) 688.3(0.2) 397.3(0.1)

0.1 701.5(0.1) 390.3(0.1) 692.1(0.2) 398.2(0.1) 689.8(0.1) 399.2(0.1)

0.2 701.5(0.1) 390.2(0.1) 692.3(0.2) 398.2(0.1) 690.0(0.3) 398.3(0.2)

0.3 696.3(0.2) 398.2(0.1) 693.3(0.2) 399.3(0.1) 691.3(0.1) 400.1(0.1)
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Ce,.. Y PdAl
Another type of 745 |
i Ty, Ce,. Y PdAI
substitution — on the rare-earth 740 | o 1-x " x 1420
position — was studied too. We .
were  dealing  with the & 735 14108
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CepsYosPdAl as an example of the two-phase
compound. The splitting of several reflections can
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Table 5.4: The structural parameters of
the Ce,_,Y,PdAI compounds at 300 K.

x a (pm) ¢ (pm)
0.0 (CePdAl)  721.7(2)  423.1(1)
0.02 7216 (2)  422.8(1)
0.04 721.6(2)  422.4(1)
0.06 7210 (2)  422.0(1)
0.08 721.0(3)  421.8(2)
0.1 7207 (3) 4213 (2)
0.2 719.6 (2)  419.3(1)
0.3 718.6(3)  417.3(2)

7184 (3) 4163 (2)

04 719.1 (3)  409.9 (2)
0.45 718.6 (6)  415.4(5)

' 720.6 (7)  407.7(5)
05 719.9(5)  413.1(4)

' 7227(5)  404.4(3)
06 721.8(3)  408.5(2)

' 723.1(2)  401.3(1)
0.7 7232(4)  399.6(2)
0.8 7233(2)  397.0(1)
0.9 722.8(2)  395.7(1)

1.0 (YPdAD)  722.0(2)  394.3 (1)




5. Results

appearance of another hexagonal ZrNiAl-type phase in these compounds. Samples with

x> 0.6 already show only single-phase pattern again. The evolution of the volume in

the critical region of the x-dependency exhibits splitting.

5.1.3 Temperature evolution

TbNiAl

For TbNiAl compound
we have observed the structural
the
evolution  of

step  in temperature
the

and ¢

lattice
parameters a
Figure 5.7).
The c¢/a values, obtained

the
dependence of lattice constants
in the TbNiAl, skip comparable
c/a values, as in the case of
RNi;_Cu,Al (R=Dy, Er, Tb)
compounds - i.e. = 0.565-0.575
(see Figures 5.2, 5.3, 5.4).

(see
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Figure 5.7: The
parameters in the TbNiAl compound. The coexistence
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Figure 5.8: Parts of the diffraction patterns of TbNiAl at reflections  in  the  powder
temperatures below-, above- and inside the coexistence pattern  with  respect to

region, respectively. A clear splitting of (001) and (200)

reflections can be seen in the 110 K pattern.
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5. Results

5.8 - in the transient temperature interval one coexisting phase (c;/a; = 0.575) expands
on account of the other (cy/a, = 0.563).
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i1xCu 0580 o ¢ o 000, TbNi, ,Cu, ,Al

0.575 |
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TbN10.7Cu0‘3A1 sample . 8K ErNiO 45CU0 55A|
exhibits the wvalues of S[ . — 32K o : .
. —o— 260°C/533K s
the c/a ratio already all :@0? 8 8 "3 3
in the region of “high 5 e o T8
. 9 =) ) ©
c¢/a ratio”. L o == @ ] S
S S - o z <
oy = £ —_ k=
2| 1T s : :
EI”NZ'().45CM().55A1 9 I S g <
S L S
g o
QQ .._.-._-'
Special case in ~ A\
the ErNi;,Cu,Al series e
is the compound with o~ ' ' ' ' '
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prepared in order to . :
Figure 5.10: The diffraction patterns of the ErNig45CugssAl

approach to the point of  compound exhibiting the two-phase coexistence. The patterns are

the structural step. This focused on reflections that split in the coexistence region most
significantly.

sample exhibits

coexistence of two isostructural phases at room temperature, which survives down to
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low temperatures (7.5 K). First assumptions that this sample cannot be prepared as a

single-phase compound — due to being on boundary of the structural transformation (see

sec. 5.1.2) — were suppressed by

720 (vrveey 410
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5. Results
(Figure 5.12). On the contrary, samples with the Ni substitution of x=0.2, 0.5, 0.8

surprisingly show continuous temperature dependence of lattice parameters and
consequently the c/a ratio passes through the “forbidden region” (see also Figure 5.12).
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5.2 Magnetism

The previous investigations of magnetic properties of the pseudoternary series
ErNi;Cu,Al based on bulk measurements are given in Ref. [4]. ErNiAl and ErCuAl
compounds order antiferromagnetically below Ty = 6.2 K and ferromagnetically below
Tc = 6.8 K, respectively. Besides the change of type of magnetic order also reorientation
of the magnetic moments and change of magnetocrystalline anisotropy was expected.
The magnetization and heat capacity measurements brought a picture of consequent
change from antiferro- to ferromagnetic order between 0.05<x<0.2 and the
compounds with x> 0.4 ordering ferromagnetically. Our new results, presented here,
are based on the neutron diffraction experiment. We have discovered more complicated
magnetic structures with antiferromagnetic order within the basal plane for compounds
with 0.05 <x < 0.4, additionally the incommensurate antiferromagnetic propagation for
the compounds with 0.2 < x < 0.4, ferromagnetic order for the ErNij sCug sAl compound
and signs of short-range magnetic order for compounds with x = 0.6 and 0.8.

The DyNi;_,Cu,Al samples were studied consequently after getting the results
on the Er-based series. After succeeding to grow a DyNiAl single crystal we have
studied the magnetic properties of the single crystalline sample of DyNiAl as the parent
compound of the DyNi,_,Cu,Al series. Only simple ferromagnetic phase was observed
below Tc=30K down to 7;=15K. In the low-temperature phase below Tj, the
magnetic structure consists of ferromagnetic component oriented along the hexagonal c-
axis and antiferromagnetic component lying within the basal plane. There were several
field-induced transitions observed on the magnetization curves. The magnetic structure
under high magnetic fields up to 14.5 T was also studied using neutron diffraction when
the field was applied along a and along b (perpendicular to a) axis, respectively.

In the substitutional Dy-based series the question of magnetic evolution within
the pseudo-ternaries with similar behavior of the parent compounds should be
answered. Even in this case, the short-range order is still present and the evolution of
magnetic order was found to be surprisingly complicated, what could be observed with
both — bulk and microscopic methods. The compounds with x =0.1 and 0.2 keep the
combination of the antiferromagnetic and ferromagnetic order at the lowest temperature
of 1.6 K with similarity to the parent DyNiAl. The magnetic structures of compounds
with x > 0.4 consist of just one magnetic component: incommensurate antiferromagnetic
for x = 0.4, simple antiferromagnetic for x =0.5 and 0.6 and simple ferromagnetic for
x=0.9 and 1.0. For x = 0.8 no long-range magnetic order was observed.

The phase-transition temperatures were determined preferably form the bulk
measurements. The accuracy is less precise for the neutron diffraction experiment,
especially in the DyNi,_,Cu,Al case, because it is not always clear when the intensity of
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the reflection starts to increase. Relatively larger temperature step in the neutron
experiments is other reason.

5.2.1 ErNi;.,Cu,Al

x=0.05and 0.1

The results of bulk measurements a5l ®

performed on the ErNiCu,Al samples E | 43
with 0.05 <x < 0.2 found two anomalies in ¢ 2.0 | =
the temperature dependencies [4]. Using “’g 15l 2.-5:\
the neutron diffraction  experiment x s
performed on these compounds we have =10t ! 0®
found out that the lower ones are
connected probably with just subtle "‘;2-0’ :
change of magnetic structure leaving the 3 15l i
propagation vector unchanged. The g i :. *
Figure 5.13 displays the temperature 1.0 i M
dependence of  neutron-diffraction 005 i | i} ey,
intensities of selected reflections in the 10 ‘\O Oood,'booooniﬁo o © . ©
ErNigosCugosAl in comparison with the 0s | "-.:\\ P
bulk data as measured earlier [4]. The jo.e— \\ i i o (1120 112)
magnetic structure of compounds with = | n\ I i e g’f ;;ﬁ’cl_
x<0.10 can be described by the only 02 .'i:"i
propagation vector (p.v.) k;= (%20 %), 0.0 | ’:;,"_

similar to that in parent ErNiAl 2 3456 7 89101112

. T (K)
compound [54]. We first tried to fit the Figure 5.13: Temperature dependence of

data obtained for x = 0.05 compound with  magnetization (a), heat capacity (b) and
i truct £ ErNiAl bi selected reflections from the
a magneuc structure o TIN1 (er m - eytron-diffraction experiment (c) for the

moments aligned along the  ErNipgsCugosAl sample. The vertical dashed

. . . o lines represent the phase transitions as drived

crystallographic directions, containing 60  from the heat-capacity data. The data

or 120 degrees with each other and displayed in the (a) and (b) parts are taken
from previous study [4].

creating thus a triangle-like structure — see

3. Previous results), that is in agreement with results of group theory [67]. The fit to the
ErNij¢sCugosAl data was not satisfactory, we obtained an agreement factor of
Rinag = 33%. The agreement can be improved when leaving the angles between the
moments and crystallographic directions as free parameters during the fitting procedure,
i.e. allowing the moments to rotate within the basal plane (see Figure 5.14a). By this
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+‘:-

y

Vil

Figure 5.14: The arrangement of magnetic moments in the ErNi;.,Cu,Al compounds for x = 0.05
and 0.1 (a) within the basal (a,b) plane. For 0.2 < x < 0.4 additional antiferromagnetic component
parallel to the crystallographic c-axis starts to appear with frustrated moment on the (0, Xg,, '2)
position (b). With increasing x-content (from 0.1 up to 0.4) the magnetic moments intend to rotate
clockwise as it is displayed on the last picture (c).

way of refinement we obtained an agreement factor of Ry,,, = 4.8%, when the magnetic

moments contain following angles with the crystallographic a-axis: 1(7)°, 88(7)° and
34(6)° at (Xg, 0, %2), (0, Xg,, ¥2) and (-Xg, -Xg;, ¥2), respectively. Fit with any other
magnetic structure that would be consistent within the group theory does not give a

good agreement with observed data (R, = 33%).

Similar results are obtained for compounds with x=0.10 and 0.20 but the

deviation from the “ErNiAl-type” arrangement becomes gradually more significant. The

fit with the ErNiAl magnetic
structure gives Ry, =42% and
70%, respectively. The angles of
the moments after releasing their
basal-plane rotation (on the
position (0, Xg,"2)/(-Xgr,-Xgr,v2))
decrease down to
80(15)°/20(12)°  (Rypag = 7.6%)
for x =0.10. The direction of the
moment on the  position
(Xgr, 0, %2) is in all the cases
stable around the value of 0°.
This  arrangement of  the
basal-plane components persists
up to x=0.40, but the
quantitative  analysis is less
reliable due to low magnitudes of
the moments (low diffraction
intensities).

25| ErNi, Cu Al
(1.6-15) K
20 -
3 ,X=0.05
8
>15 [ *
."ﬁ ok x=0.30
[~ * * Kk g %k *
2
£ 10 -
x=0.50
L VPN S J£ ?i o b
S
\\ x=0.80

0 10 20 30 40 50 60 70 80
26(°)

Figure 5.15: The neutron-diffraction difference patterns
between 1.6 and 15 K obtained for selected compounds.
The reflections marked with “*” (in x = 0.30) belong to the
incommensurate propagation. The data are shifted by
difference of 5 a.u. for better view. The line is to guide the
eye.
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5. Results

The angles of the moments for sample with x=0.2 with released the
basal-plane rotation (on the position (0, Xg,, ¥2)/(-Xg,-Xgr,72)) 18 47(40)°/22(30)°. For
compounds with x > 0.3 the basal-plane component is getting weaker and the accuracy

of the angles determination is getting worse. The fit can be improved by allowing the
moments at (0, Xg,, /2) to have different magnitude (Ry,, = 9.6%; see Table 5.5).
For samples with x from the range 0.20 + 0.40, we observe besides the (V2 0 2)

reflections additional magnetic intensities (see Figure 5.15), that can be indexed by an

incommensurate (IC) propagation vector k, = (Y2 0 q), where q = 0.469, 0.425 and 0.427

of reciprocal lattice unit for x = 0.2, 0.3 and 0.4, respectively. The intensities of these

peaks gradually increase whereas the “k;*

reflections  become  simultaneously
weaker (see Figure 5.16). Our analysis of
the pattern for x = 0.40 yields the picture
of longitudinal amplitude-modulated
structure with the Er-moments aligned
along the c-axis (Rpy, = 11%). One third
of the moments (at (0, Xg, ¥2) for k,
given above) reduced

This
resembles the high temperature magnetic
of TbNiAl [67], although the

propagation in TbNiAl is commensurate.

are strongly

becoming nearly negligible.

phase

This IC component is present also in
compounds with x =0.20 and 0.30 with a
somewhat worse agreement (R,,, = 18%
and 12%, respectively) due to lower
intensities.

x=0.)5

In the ErNigsCugsAl compound,
the reflections

completely disappear and only additional

antiferromagnetic

B /‘la,b-plane
" < He.direction | ')
6 - \\ —mW = Hiotal
“a i\l‘\: ____________ -
24 I N -
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N
A
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ErNi, Cu Al
N cetemm 1121112
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Figure 5.16: Concentration dependence of
selected reflections (lower part) belonging to the
commensurate (k1= (20 '%2)) and
incommensurate (k, = (/2 0 q)) magnetic structure
in the lower concentration region (x<0.5). The
appropriate components (parallel or perpendicular
to the c-axis) of the magnetic moment (upper part)
are added. For the incommensurate structure the
mean value of the moment-component was taken.

intensities on top of the nuclear reflections can be observed at low temperatures.

Analysis of the pattern at 1.6 K leads to a magnetic structure with a collinear
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ferromagnetic alignment of Er-moments parallel to the c-axis (u = (4.8 £0.2) up,
Rinag = 6.8%).

x=0.6and 0.8

A qualitatively different behavior is observed for x =0.6 and 0.8. Only very
weak magnetic reflections corresponding to k= (72 0 ’2) appear in the x = 0.6 sample,
which prevents determination of magnetic structure (our best fit of the data leads to the
magnitude of the moments 3.2(9) ug with Ry, =23%). For x=0.8, no magnetic
reflections have been detected down to 1.6 K and only an enhanced bumps around
possible ferromagnetic reflections have been observed. For both concentrations a large
intensity appears at low angles, probably owing to short-range correlations that manifest
themselves around the (0 0 0) reflection (see Figure 5.15).

The Table 5.5 contains summary of magnetic data on the ErNi;_Cu,Al series.
We shall mention that all our final fits were obtained assuming zero magnetic moments
on Ni-atoms. Allowing these moments to be nonzero brings no improvement of the fit.
Such estimation was result of any other RNiAl compound [2,48,68].

Table 5.5: Summary of magnetic properties for the ErNii.,Cu,Al series. The parameters .« and 6, and
phase-transition temperatures were taken from previous study [4], the parameters of magnetic
structures were obtained from neutron diffraction at 1.8 K. The mean values of moments are given in the
case of IC structure. Concentrations x = 0.60 and 0.80 exhibit signs of short-range ordering (SRO).

x et (L) 6, (K) Twa K)  Ti(K) Hir (UB) p-v. type  Ryg (%)
0.5 9.59 -0.3 6.2 4.2 6.8(2) (20%)  AFLlc 6.8
005 | 96T o) T 43 32 (A0 AFle | 48
010 96 23 49 44 40 (A0%)  AFle 76
8
3 (5)* (0%)  AF Lc 9.6
2.8(3) 2.1(1.6)
0.20 9.73 (4) -1.2(7) 4.9 (2) '
(weak) 2.7(3) X
02 (6) (200.469)  AF || c 18
_____________________________________________________________________ Sy
036(1(32))* (0%)  AF Lc 14
0.30 9.71 (1) 1.0 (3) 5.0(2) — '35('1)
0'4(3)* (200.425) AF||c 12
""""""""""""""""""""""""""""""""""""" 200 0w arie 12
0.0 (1.0)°
0.40 9.70 (3) -0.6 (6) 5.1(2) — 38(1)
0.1 oy (»00.427) AF||c 11
050 | 90 1206 58@)  —  48@) (000  Fle 72
3.2(9) (20 %) AF 23
0.60 9.68 (3 —
(3) 0.2 (4) 43 (2) &SRO _
(080 1 936G)  07() 534 ] SRO T
1.004 9.55 42 6.8 — 6.7 (2) (000) Fllc 32

* magnitude of frustrated moment at position: 0 X, %>
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5.2.2 DyNiAl

The DyNiAl single crystal was
as one of parent compounds. Since it 1
with its detailed study separately.

Paramagnetic region

In the paramagnetic range, the
magnetic susceptibility of DyNiAl
obeys the Curie-Weiss law (see
Figure 5.17; eq.5.2) with effective
magnetic moment  fig= 10.65 pg,
which corresponds very well to the
free Dy’" ion value. The paramagnetic
Curie temperatures corresponding to

5. Results

studied in framework of the DyNi,.,Cu,Al series
s the only single crystalline sample, we will deal

1.6 T T T T
@ B
£ 1.2 o Hle
- o H|b
g ——— C-Wiit
o 08 f -
=)
Z Heti = 10.65 pg
R b _
= 0.4 @p 11K _
6,°=46K
0.0 == . L .
0 100 200 300

T (K)

Figure 5.17: Temperature dependence of the
magnetic susceptibility in the paramagnetic region.

field applied along the b and ¢ axes are equal to Hpb =11K and 6,° = 46 K, respectively.

The difference A6, = 35 K is comparable with anisotropy in the ground state (70 K). No

anisotropy is observed within the basal

M _ NAuouzB:uerf _

X:

H 3ky(T-0) (T-06,)"

Bulk measurements at low temperatures

Our magnetization
measurements at low temperatures
(see  Figure5.18 and 5.20)
confirmed generally the results of
previous studies on polycrystals and
revealed in addition a strong
uniaxial magnetic anisotropy and
field-induced phase transitions in
fields applied perpendicular to
c-axis. The ordering (Curie) and
phase-to-phase ordering
temperature is 30K and 15K,
respectively.  The  spontaneous

plane.
C
(5.2)
0 DyNiAl | |
i 0-16 T T T
YNI T, WTC
8l 0.12 - J/ 4
. 0.08 |
S 6t _
3 0.04 -
e H|[b,01T
£ 000 —1
=4} o coT 0 10 20 30 40
E —— ¢, 01T
—o— b, 2T
2F & poAT

0

4
T (K)

Figure 5.18: Temperature dependence of the
magnetic moment M for H || <120> (b) and H || <001>
(c) in a DyNiAl single crystal. The inset shows the low-
field curve along the b-axis at larger scale. The arrows
indicate the magnetic phase transitions.
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5. Results

magnetic moment M along the c-axis 10
reaches 8.5 ug per formula unit at 1.8 K,
considerably smaller value than the moment
of the free Dy’" ion (10 ug). It approaches
this value only at ~40T[69] (see
Figure 5.19).

Applying magnetic field in the

M (pg/f.u.)

basal plane, we observe the low initial
susceptibility what reflects the strong

uniaxial anisotropy with anisotropy field
estimated as 25T at 42K (which
corresponds to the anisotropy energy ~70 K

HoH (T)

Figure 5.19: Magnetization curves of DyNiAl
along all axes at 4.2 K. The figure is taken from

transitions are observed at 1.5T to 5.5 ug literature [69].

for the H || a (<100>direction) and to 6.5 pp

for the H || b (<120>direction) (see Figure 5.19). The difference indicates a considerable
intra-plane anisotropy. The magnetic states resulted at these first-order field-induced

in the AigT representation). Field-induced

phase transitions are stable in a wide interval of further increasing field. Measurements
in pulsed-magnetic fields up to 40 T (see Figure 5.19) showed the additional transitions
in the basal plane in the fields of 11-13 T and 20-22 T for field applied along the a-axis
(H||a) and along the b-axis (H || b) at 42K [69]. The transition in the H| a
configuration was studied in more detail in steady magnetic fields (see Figure 5.20).

One can
see that the 8 DyNiAl

o (H||a-axis) =
magnetization al g
change  across e =

the  transition 6r K

—_ 7 8.0
around 15T 2s5¢ — X
< 5K
gradually 2,10 8K 7.5
decreases with = 28K K
. . . —— 14K 7.0
increasing 3 —— 16K
temperature. The oL o ;SE o5
important feature - §i§
" 1r / — 26K
of the transition 7 28K 6.0
is that it occurs 0 : ' : '
both below and 0 2 6|,t0H (T)8

above 7,. We Figure 5.20: The magnetization curves of DyNiAl in the H || a configuration at

. various temperatures.
can exclude its P
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5. Results

metamagnetic nature because above 7; there is no antiferromagnetic component of the

magnetic structure; the compound is a collinear uniaxial ferromagnet. Therefore, we can

consider the transition as a rotation of the total magnetic moment from the c-axis to a

canted structure, which is stable in a wide interval of further increasing field. According

to the classification given in [70],
the above-mentioned transition is
defined
magnetization process of P2 type.
the
hysteresis of the transition and the

as a first-order

Moreover, absence of a
broadening of the transition above
T
character contrary to the clear
the

points to its second-order

first-order one in low
temperature phase.

The additional transition in
high fields around 11-13 T applied
along the g-axis is wider and with
smaller —magnetization changes
across the transition (see the inset
of Figure 5.20). The transition is
with

clearly connected

antiferromagnetic component
because it disappears above T;.
Despite a small hysteresis observed
at 2 K on the magnetization curve
in field 11-13 T, the

transition in the higher field is most

around

probably of second order and
of
of

the magnetic moment. The values

means a spin-flop

antiferromagnetic component

of magnetic moment reached above
the high-field transitions are still
noticeably lower than along the c-
axis in the same field (~8.5 pp for
H || a,b and 9.5 pg for H || ¢ [69]).

21 o
- 8y
§ 20 57g
g 48
st 3 DyNiAl
3% YNI
35 e
2
17 1 :g.
30 L 8 10 12 14 16 18 20 °©

10 15 20 25 30 35
T (K)
Figure 5.21: Temperature dependence of the
resistivity of the DyNiAl crystal measured along

individual axes at various temperatures. The detail
shows the first derivative around the lower transition at
15 K. The arrows indicate the phase transitions.
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Figure 5.22: Temperature dependence of specific heat
of the DyNiAl single crystal. The dashed line represents
the heat capacity of the LuNiAl as the first
approximation of the nonmagnetic contributions.
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The phase transitions are reflected also on the resistivity measurements
(Figure 5.21). The transition at 7; is more visible on data measured along a and b axes,
whereas for the current along the ¢ axis it is not observed. The relatively high p, value
is a common feature for these R7.X compounds.

The specific heat data show well-pronounced anomalies at 7¢ and 7;. Taking
the LuNiAl data [71,72] as a first approximation of the nonmagnetic (i.e. electronic and
lattice) contribution in DyNiAl (see Figure 5.22), we get the magnetic entropy of
23.4 J.mol'K™, in good agreement with value of RIn(16) expected for the Dy’* ion.
The entropy at T reaches =~ 15 Jmol'K™' ~ RiIn(6), indicating that probably three
lowest crystal-field doublets are involved in the magnetic ordering.

Neutron diffraction

The neutron diffraction ' ' ' '
experiment in zero magnetic i OyNiAl  s.c. D15 o
Q o
10} & E88EgE. 00000000, B O
fields (ILL Grenoble-D15) & §§§§ §8549 §§§%§ T °°
N L

showed that magnetic intensities = 08 2 gﬁ

(3
on the positions of nuclear E961 o (4, ig i s% .,

. ~ R ¥
reflections develop below T¢, then 04 ° 299 % iﬁ o
they increase by cooling down to 02 ¢ 11232
532412 g

T and stay almost constant below 0.0 . . e . . .
T, (Figure 5.23), in agreement o 5 10 15T(K)20 25 30 3

with pOWder data [44.45]. Figure 5.23: Temperature dependence of intensities of
Additional reflections described selected reflections in DyNiAl.

by k= (' 0 %) propagation vector @) b)

appear below 7j. In the hexagonal NN \ \ \ \
symmetry of DyNiAl and for this &, \ \ \ \ \ \ \ M \ /
three magnetic domains exist. We \ . \ \

did not observe any significant \ \ \ \ \ "’” \ / \ /
differences between intensities of A X LS

magnetic reflections corresponding _ _
to different domains (but from the ¢omoo B W R MICIESENE or the )
same set). It means that all three arrangement.
magnetic domains are (almost)
equally populated.

To determine the magnetic structure at 2 K, intensities of reflections described
by (0 0 0) or (2 0 %2) p.v. were measured. The first set of reflections corresponds clearly

to the F ordering of the c-component of the Dy magnetic moments. Moments on all the
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three Dy-sites have the same orientation and magnitude g = 7.1(1) pg, our refinement

gives the agreement factor of Rwaps=06.2%. The refinement of the AF part

(k= ("20"'2)) favors clearly moment arrangement within the basal plane. The best

agreement factor is obtained for structure shown in Figure 5.24a (Ryags = 10.0%). The

AF components g, on all the Dy-sites are parallel but that one on (0,Xpy,"2) position

propagates with k’= (0 'z ') that is,
(*20%). It is the same magnetic s
reaches sar=4.2(1) pp, resulting in
the total Dy moment
MU= par + pp=8.2(2) ug. All other
magnetic structures, including that
proposed from powder neutron
data [44], give considerably worse
agreement (Rwass = 17% for
structure shown in Figure 5.24b —
second best result). Contrary to
7.2 pug derived from powder neutron
data [44], the value of 8.2 ug is in
agreement with our magnetization
measurements and Maossbauer data
[2]. However, Maodssbauer data
indicate two magnetically different
Dy-sites, while we do not observe
such indications. We cannot
exclude sample-dependent results
as revealed also for the
HoNiAl [73].

While g is almost
constant below T), uap increases
when cooling down below 77,
leading to an increasing angle
between the Dy magnetic moment
and the c-axis (=30° at 2 K). The
lower value of the total moment in
comparison to the free-ion value
of 10 ug can be caused by the
crystal field. Other possibility is

in the hexagonal symmetry, equivalent vector to
tructure as in HoNiAl [73]. The AF component
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: 1.5 H ” a -0 001 . g
: —a- 224 v 25
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WO Tagp o mm R
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Figure 5.25: The field dependence of selected (hhl)
reflections at the lowest temperature and at the
temperature between T¢ and T;.

8} DyNiAl, E4
~6l ¥¥ ' Hla
= ¥ T=1.8K
§|.|.4 B - g %
2 3 2
lo MFx
68 } % } } } }
50 r
40 - }
ca30f 1 %
S 20+
10+ T4
ol 1
0 2 4 6 8 10 12 14
HoH (T)

Figure 5.26: The field dependence of the ferromagnetic
moment components Mg, and Mg, at 1.8 K. Also the angle
between the resulting F component direction and the c-axis
(ou) is calculated.
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fluctuation of the magnetic moment. In such case, high magnetic field can partly
stabilize the fluctuation as really seen on magnetization data.

The results were obtained assuming that moments on all the Dy sites have the
same magnitude. Allowing different magnitudes does not lead to any substantial
improvement of our fits. Summary of the magnetic-structures parameters in zero
magnetic field are given in the Table 5.6.

The neutron diffraction experiment under high magnetic fields (HMI Berlin-E4)
applied in the H| a and the H| b configurations at 2 K confirmed that one
field-induced transition occurs around Hc-; = 1.5 T in both cases and the second one
appears around Hce=11-13T for Hl||a in agreement with magnetization
measurements. The He, =22 T in the H || b arrangement could not be reached.

In the H || a configuration, both transitions at H¢; and Hc, are seen in the field
dependencies of diffraction intensities at 1.8 K (see Figure 5.25). At 18 K, the Hc,
transition disappears and only gradual increase of the intensities is observed. This is in
agreement with the F ordering in this temperature region. The geometry of the magnet
and the sample orientation restricted us to measure only few reflections of the (4 4 [)-
type (especially all reflections with
k=(%0"%) were shielded by the 20 F

o.oo"""i.‘.‘
o0

ils). The limi f . . ——
coils) ‘ e. imited number o - 15 . DyNiAl, E4 : (1,32
reflections did not allow us to check S0 Hll b s 32012 |

the domain population. We refined
the ferromagnetic component

assuming equal domain population

(Figure 5.26). The magnitudes of the ?ii T=18K o 1?;0 "
F component at 1.8K are: ';:1'2 % v 312032 |
6 (OT) = 7.009)11s I Ll E S TR S
4 (14.5T) = 6.7(1.0)us. This result 04 %%% % ° |
is in agreement with the results in 0.0 - : : : : A
zero field (ILL), what confirms 0 2 4 ﬂi” (T)8 10 12 14

roughly our assumption about the Figure 5.27: The field dependence of selected (h0/)
domain population. Surprisingly, the reflections at the lowest temperature and at 18 K for

orientation of the F component in the H[b configuration.
fields above 13 T are not yet fully oriented along the applied magnetic field — the angle
with the field is approximately 40° (see Figure 5.26). The increase of both (110) and
(001) reflection above 12T can be caused by either stabilization of the magnetic
moment fluctuation by the magnetic field or reorientation of the AF component and
adding its magnitude to the F part. Unfortunately, the study of AF component was not

possible at this experimental arrangement.
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The data measured at 7= 18 K present roughly equal increase of (110) and
(001) reflections above 2 T. Thus, the absolute value of the moment increases whereas
the angle to the c-axis remains almost unchanged.

In the H || b configuration, the appearance of another magnetic structure above
~1.5T is indicated (see Figure 5.27), although the AF p.v. remains unchanged. Of
course, we cannot exclude new component described by another p.v. The experimental
set-up did not allow any efficient search in the reciprocal space. The (Y20 '%)
propagation does not vanish up to 14.5T. The low- and the high-field magnetic
structures differ in the direction of magnetic moments only. We could not reach the
transition at H, that was observed around 22 T on the magnetization data in [69].

Table 5.6: Summary of parameters of the magnetic structures in DyNiAl.

T (K) XDy Xl Hr (1B) Har (UB) Rwags(%)
I 0.5824(4) 02352) T8
2 0.5824 ! 0.235! 7.1(D) || e 42(1) Le 6.27/10.0%F
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5.2.3 DyNi;.Cu, Al

Paramagnetic region

In the paramagnetic region, the temperature dependencies of susceptibility in all
studied compounds follow the modified Curie-Weiss law:

% _ NAuo“éﬂ:ff + gy = c
H 3k, (T-0,) ‘

x = + X - (5.2a)

The fits on the measured data lead to values of the effective moments g that
are close to the Dy’ free-ion value of 10.65 pg (Table 5.7). Paramagnetic Curie
temperatures @, are positive in all cases, indicating major role of ferromagnetic
interactions. The value of y, was found to be of the order of 10 m*/mol in all cases,

comparable to the values of temperature independent susceptibility of YCuAl and
LuCuAl [48].

x=0.1and0.2

The low-temperature magnetization data of the compound with x =0.1 show
very similar behavior to parent DyNiAl with ferromagnetic ordering at 7,4 =25 K and
antiferromagnetic order below 77 =13 K (see Figures 5.28a and 5.29a). Magnetization
curves measured at temperatures below 7) exhibit a field-induced phase transition
around 2 T, most probably corresponding to the rotation of the antiferromagnetic
component — that we expect to be located within the hexagonal basal plane similar to
the arrangement in DyNiAl — since this transition is not seen above 7 and one can
observe only ferromagnetic character of the magnetization curve at 15 K, i.e. above 7.

The microscopic study of the magnetic structure also showed that behavior of
DyNiy9Cug Al is similar to that one found in DyNiAl. This compound orders
ferromagnetically with Dy moments parallel to the crystallographic c-axis (F || ¢) below
Tc. Additional antiferromagnetic component (described by the propagation vector
(2 0 '2)) arranged within the basal plane (AF L ¢) adds to the ferromagnetic component
below 7 (see Figure 5.28a). Nevertheless, the exact arrangement of the AF component
could not be determined due to very low intensities of the corresponding reflections (see
Figure 5.30).

The sample with x = 0.2 is basically different — transition of antiferromagnetic
type occurs already at 7,4 (7x =21 K) — as seen in the temperature dependence of
magnetization (see Figure 5.28b). Also the magnetization curve at 16 K, i.e. above T},
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exhibits antiferromagnetic behavior (see Figure 5.29b,c). Ferromagnetic transition then
probably onsets below 77 =11.5 K.

-
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Figure 5.28: Temperature dependence of the heat capacity, DC-magnetization under field of 0.01 T
and intensities of selected reflections measured by powder neutron diffraction for the DyNigoCug 1Al
and DyNig sCug Al compounds. The vertical dashed lines point the temperatures of phase transitions
as derived from the heat capacity.

The neutron-diffraction data confirm the stating of opposite sequence of the
ordering types with respect to temperature in comparison to the DyNijoCug Al
compound. The antiferromagnetic reflections with propagation vector (%2 0 /%) start to
appear around 22 K and the ferromagnetic intensities increase at lower temperatures
around 11 K, as it can be seen on the Figure 5.28b. The magnetic moments above 7T are
oriented along the hexagonal c-axis and magnetic moments on the position (0, Xpy, 2)
are frustrated leading to almost zero magnitude. The magnetic structure is then similar
to the high-temperature structure (7} <7 < Ti,q) of TbNiAl [52,67] (Rinag = 20%). Any
other fit — especially with moments arrangement away from the c-axis direction brings
rather worse fit. At 1.6 K the magnetic structure is similar to that one in DyNiAl — the
AF component lies in the basal plane and the F component then appears along the

Cc-axis.
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¢ 2K
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Figure 5.29: The magnetization curves of the DyNipgCug Al and DyNiggCug.Al compounds.
Opposite sequence of the F and AF order can be visible also on these data.
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Figure 5.31: The refined neutron pattern of the

DyNiggCug,Al compound in the magnetically
ordered state.

20

The agreement factors for the AF
component for the compounds with x = 0.1
and 0.2 as displayed in the Table 5.7 are
enhanced due to low intensities of the AF
reflections at 1.6 K (see Figure 5.30). For
the same reason we could not refine the
exact of AF
components within the basal plane. We
can only state that they lie in the basal
Fit with the antiferromagnetic
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worse agreement, especially
the calculated intensity on the
position of the (20':) and
("2 14) reflections would be
zero in such case, while the
measured one is clearly
present. An example of the
fit is

displayed on the Figure 5.31.

magnetic-structure
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The
dependencies of magnetization

low-temperature

for samples with x=0.3-0.5
exhibit all similar behavior (as
an example see Figure 5.32).
These data
antiferromagnetic transition at
Towa
phase-to-phase

show
and possible another
transition at
lower temperatures but this
anomaly was not confirmed by

any of other used techniques

(heat capacity, neutron
diffraction). Magnetization
curves indicate consequent

suppression of ferromagnetic
component from x=0.1 to 0.4
(Figure 5.33). Weakening of
this
region is
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Figure 5.30: Difference neutron patterns between the ordered
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view.

corroborated by the minimum of &, (see Table 5.7). The anomaly visible on the heat

capacity data in DyNij¢Cug4Al around 5 K is probably caused by the impurity phase.

The neutron diffraction pattern of the DyNi, ;Cu,3Al compound also showed an

antiferromagnetic order but due to weakness of the reflections and also due to low

quality of this one sample, that was caused probably by vicinity of the structural

transition and possible existence of two different crystal phases at low temperature in
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Figure 5.33: Comparison of magnetization curves of all studied DyNi,,Cu,Al compounds at
T = 2 K. The strongest AF character can be visible for samples around x = 0.4 and 0.5.

this compound (different a,c parameters
due to forbidden c/a ratio; see section

5.1 Results — Crystal structure), we were
not

able to determine the magnetic
structure in more detail and we state just
the AF order in the Table 5.7 without any
other detail of magnetic structure. The
DyNig 6Cug4Al compound exhibits the AF
with the
propagation vector k’=("20q), where
q = 0.448, while the sample with x=0.5
orders

Incommensurate order

again with the commensurate
(’20%) and moments
adjusted within the basal plane (see
Figure 5.30). Again, we could not refine
the exact structure of AF
components within the basal plane due to
low intensities of the AF reflections.

propagation

magnetic

x=0.6and 0.8

The samples with x=0.6 and 0.8

exhibit rather
M/H vs. T dependence and also very broad

anomaly in the temperature dependence of

broader maximum in
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5. Results

heat capacity (see Figure 5.34) which can indicate loss of long-range magnetic order
(see below).

The neutron diffraction found an antiferromagnetic order in the DyNig 4Cug ¢Al
compound with quite weak magnetic reflections and reduced magnetic moments
(tar = 4.1(2) ug) and with signs of short-range correlations (enhanced intensity at low
angles; see Figure 5.30). The magnetic moments propagate with commensurate
k=('20") and the moments are adjusted within the basal plane. When spanning the
parameter x from 0.5 to 0.8, the ordered magnetic moment is getting smaller and the
long-range magnetic order becomes weaker resulting in the total loss of the long-range
order for x =0.8. This can be observed on the difference pattern between the lowest
studied temperature of 1.6 K and paramagnetic state (40 K; see Figure 5.30). The
difference is practically zero except for enhanced intensity at low angles what indicates
short-range correlations around the (0 0 0) reflection. The low-temperature pattern of
DyNig,CuggAl at 7= 1.6 K can then be described by the nuclear structure only (with
Rprage = 5.7%; see Figure 5.35).

Table 5.7: Summary of magnetic properties for the DyNi;Cu,Al series. The results displayed for the
compound with x =0.0 (DyNiAl) were obtained from the DyNiAl-single crystal measurements. The
magnetic structure of the DyNiy;Cug3Al compound was not determined due to low-quality diffraction
pattern at 1.6 K. The parameters obtained from the bulk data of DyCuAl were taken from [48], whereas
the parameters of the magnetic structure were obtained from the results of the powder neutron
diffraction experiment at 1.8 K. The signs of short-range order could be visible on samples with
0.6<x=<0.9.

x Hetr (1B) & (K) Tora (K) T, (K) Hpy (15) p-v. type Rinag (%0)
11 AP 7.1(1) (000) Fllc 6.2
0.0 10.65
46 Hle 30005 15005 4, (1) (20 %) AF Lc 10.0
""""""""""""""""""""""""""""""""""""" 13  (000)  Flle 54
0.1 | 10.76(1
(1) 16.6(2) 250(1.0) 13.0(0.8) 17(4) (50 1%) AF Lo 66
02 | 10.75(1)  133(2 21.0(0.5) 11.5(0.2 L&) (000) Flle >0
’ 3@ 0(05) 5(0.2) 3.0 (3) (0 %) AF Lc 42
03 | 10.72(2) 102(3) 19.0(0.5) 14.5(0.5) ? ? AF? —
0.4 | 11.08(1) 6.5(2)  24.0(0.5) — 47(2) (00448) AFLlc 18
0.5 | 10.96 (2) 7.1 (3) 20.5 (0.5) — 5.7(5) (20%) AF Lc 10
4.1(2) (20 %) AF Lc 13
0.6 | 11.02(2 —
2 6.8(2)  20.0(1.0) & SRO
0.8 | 11.06(2) 113 (2) — — SRO —
(09 | 1087()  182(2)  185(1.0) - S 386)  ©00 ] Flle . 37
1.0 | 10.65% 25,9141 281481 — 5.8 (4) 000) Flc 7.5
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5. Results
x = 0.9 and DyCuAl

Bulk data for the compounds with x > 0.9 exhibit already more F-like M/H vs. T
dependencies, similar to DyCuAl [48] (and so also does the sample with x = 0.8, but in
this sample the long-range ferromagnetic order was not found). Strengthening of the
ferromagnetic component from x=0.6 to 1.0 can be deduced from magnetization
curves (see Figure 5.33). There is a small bend on magnetization curves visible in
smaller fields (~0.2 T), which was also observed earlier in DyCuAl [48] what could be
in accordance with expected antiferromagnetic component in the low-temperature phase
(in analogy with DyNiAl) but the antiferromagnetic component was not confirmed by
the microscopic method (neutron diffraction).

Using the neutron diffraction the magnetic structures in DyNig;CugoAl and
DyCuAl compounds were found to be simple ferromagnetic with moments aligned
along the c-axes and with magnitudes sy = 3.2(1.0) pug and 5.4(8) pg. for x = 0.9 and
1.0 (DyCuAl), respectively. The magnetic reflections — and thus the moments — are
getting stronger with increasing x (see Figure 5.30). Simple ferromagnetic order in
DyCuAl is in contradiction with the bulk data that indicated similar behavior to
DyNiAl i.e. with two magnetic phases and the AF component in the ground state.
Strong dependence of magnetic properties on the sample quality could be an
explanation and was discussed e.g. for isostructural HoNiAl [73].
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6. Discussion

6. Discussion

6.1 Crystal structure

The most interesting result of our crystal-structure investigations is the
observation of the “forbidden c/a” region. When approaching the forbidden c/a values
by varying the composition or temperature, the structural step is observed (see
Figures 6.1 and 6.2). A common property of the studied compounds showing such a
step in the lattice-parameters is that the discontinuity is not connected with a deviation
from the linear evolution of the volume. The step is probably caused by different
atomic-bonding forces within basal planes and between the planes. This may cause an
abrupt change in c¢/a ratio as it is observed. More generally, in compounds crystallizing
in  ZrNiAl-type structure there 1is probably “forbidden” c¢/a ratio around
c/a=0.565~0.573 because, around this value, the structural discontinuity happens in

several series (Tb-, Er- and Dy-based). The step can be observed also when going
through the RNiAl [2], RPdAl [28] and RCuAl [1] compounds at room temperature (see

RTAI (T-dep) <- forbidden c/a -> RNi, Cu Al

10.58

1 0.57

1 0.56
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Figure 6.1: Demonstration of the forbidden c/a ratio values for RTAl compounds — realized either
by substitution or by variation of the temperature. The example of monotonous evolution of the
volume of the Tb-based compounds is displayed to demonstrate contradiction between the
behavior of c/a and the volume. The data for the GdPdAI and GdNiAl were estimated from the
figures in Refs [65,63].

Figure 6.2). In several other RTX compounds, this value of the c¢/a ratio is absent in the
evolution of the lattice with temperature as well (e.g. TbNiAl, TbPdAl, GdPdAI [65,66],
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GdNiAl [63,64]) as can be seen in
the  Figure 6.1. The two
exceptions — TbPd; Ni,Al and
Ce,.. Y ,PdAl — will be discussed
below.
: : N
The Figure 6.3 displays a ©
property of  the

RNi,_,Cu,Al series concerning the

general

structural discontinuity. We used
the data obtained in this work
together with results of other
authors in order to get a
systematic boundary between the

compounds with “high ¢/a” and

6. Discussion

data at room temperature
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Figure 6.2: Development of the c/a ratio in the RNiAl [2],
RPdAI [28] and RCuAI [1] series. Individual points in each
series correspond to different rare-earth element in the
following order: Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu.
Data for compounds with R = Eu are not available.

the compounds with “low ¢/a” ratio (according to the notation introduced in the Section

5.1 Crystal structure). The data in Figure 6.3 were taken from the following sources:

-SmNiAl — Ref [63],

-SmCuAl and GdCuAl — Ref [48],
-GdNiAl — Ref [63],

-TbNi,_Cu,Al Ref[62] and our
present results,

-DyNiAl (Tdep) — Ref [74],
-DyNi;_,Cu,Al — our present results,
-HoNiAl — Ref [73],

-ErNi;_,Cu,Al — our present results.

An
should be pointed out from this figure
the fact that the
discontinuity is not a direct question

interesting feature that

is structural
of volume change — i.e. one cannot
decide whether the boundary will be
reached by increasing or decreasing
the volume. To explain this statement
on an example we focus on the
compounds with R=Tb. When
moving from TbCuAl to TbNiAl
(substitution Ni instead for Cu — i.e.
moving from x = 1.0 down to 0.0; see
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Figure 6.3: Systematic evolution of the boundary

between “high-c/a” and “low-c/a” RNis,Cu,Al
compounds with respect to composition and
temperature.
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6. Discussion

Figures 6.1 and 6.3) at room temperature, the structural discontinuity occurs between
x=0.3 and 0.2. At this point, the c/a ratio changes from ‘“highc/a” value
(c/ag3=0.572) to “low c/a” one (c/ay, = 0.556) and the volume change is negative (the
volume decreases — see Figure 5.4). On the other hand, when cooling the TbNiAl
compound down (i.e. further decreasing of the volume — according the Figure 6.1), the
c/a ratio exhibits a sudden change from “low c/a” to “high c¢/a” value around
approximately 7=110K (c/ajpsx =0.561; c/agsx = 0.575) while the volume still
decreases (Figure 6.1). As it can be seen from Figures 5.2 and 5.3, the structural
discontinuity does not affect the linearity of the volume evolution in other series as well.

Hydrostatic pressure is another parameter than can be varied to cross the critical
values of the c/a ratio. Recently, under a hydrostatic pressure of 0.95 GPa, a first-order
transition has been observed in the temperature dependence of the electrical of
ErNip,CuggAl [75]. Although the crystal structure was not studied directly by
microscopic methods under the pressure, our suggestion that this change of resistivity is
connected with a change in the crystal structure is supported by the fact that the
resistivity anomaly is reversible and that the composition of the ErNi, ,Cu, gAl sample is
close to the critical region where the structural step happens in the ErNi;_Cu,Al series.
Thus, it is probable that the structural discontinuity shifts along the x-scale due to
hydrostatic pressure to higher values of the Cu-content.

In the case of the Ce;,Y,PdAl and TbPd; Ni,Al compounds the lattice
parameters fall into the estimated forbidden c/a-shell. Here, the difference with the other
studied compounds is the substitution of one element by another one that is quite
different by volume from the original one (Ni-Pd, Ce-Y). The Ni-Pd (Ce-Y) disorder
can play an important role and lead to breaking the rule of forbidden c/a or the rule can
be a bit changed — e.g. the forbidden shell might be shifted to different values — and
these compounds can be considered as exceptions from the discovered rule. The idea of
shifted forbidden c/a range supports the fact that in these compounds a transition was
still observed wit several changes — in the case of Ce,Y,PdAl compounds the
coexistence of two phases is present as preferred state instead of single phase with
another a,c parameters, what makes the step-like character of the evolution of the
lattice. In the TbPd;_Ni,Al compounds, the samples crossing the region of forbidden c/a
values exhibit transition of higher order (see Figure 5.12). To confirm or discard
possible Ni-Pd disorder in the TbPd,.,Ni,Al compounds, neutron-diffraction experiment
at ILL is already scheduled.
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6. Discussion

6.2 Magnetism

Measurements of magnetic properties in the quasi-ternary RNi;_Cu,Al series
showed that the conversion between the RNiAl and RCuAl compounds is rather
complex. Already small Cu-substitution leads to change in character of magnetic
behavior — even in the case of the Dy-based series where almost no change was
expected. In both studied series the magnetic evolution goes through complicated
magnetic structures to final ferromagnetic order in RCuAl. The fact that the anisotropy
begins to change already for low Cu-substitution in ErNi,_,Cu,Al (and small lattice
change) indicates that the anisotropy is rather weak in ErNiAl. This conclusion is
corroborated by magnetization data obtained on an ErNiAl single-crystal [71].

In both series studied in this work and in former study on the Tb(Ni,Cu)Al
system, a large concentration scale (0.6 <x <0.9) is characterized with presence of
short-range correlations on the account of the long-range order. Especially the samples
with x = 0.8 are characterized by no long-range magnetic order at all. This is well seen
also by the heat-capacity data for the Er-based series (see Figure 3.3), where the
anomaly becomes very broad for x = 0.8 and is centred at a temperature higher than the
temperature of M vs. T maximum.

Since the magnetic long-range order is lost in all studied systems at the same
Cu-concentration, the number of 3d electrons in the Ni-Cu sublattice seems to be the
crucial parameter here, and neither the structural anomaly nor the rare-earth elements
play considerable role in this effect. There is no unambiguous explanation up to now.
Let us discuss some possible mechanisms. Already the rather low magnetic
temperatures of the RNi;_Cu,Al compounds indicate that the indirect RKKY-type
exchange interactions are mainly responsible for magnetic order in these materials. A
question arises how the itinerant 3d electrons brought in the system by Ni enter in the
exchange interaction game. One scenario proposed by Ehlers et al. [3] based on work of
Campbell [11] considers an exchange interaction mediated by the transition-metal free
3d electrons competing with the RKKY interaction. Result of this competition may be
the frustrated state for certain composition of the (Ni,Cu) sublattice. Another approach
may be to include the itinerant 3d electrons to the overall balance of conduction
electrons mediating the R—R exchange interaction (in fact the RKKY-type).

Concerning the above-mentioned model proposed by Ehlers, the exchange
interactions are mediated mainly by the Ni 3d-electrons below x =0.60. Since in
Cu-rich compounds there are almost no free Ni-states, the indirect coupling must be
mediated by s-electrons. The change in coupling mechanism from d- to s-electron
polarization takes place most probably in the range x € (0.6; 0.8). The Ni-magnetic
states do not manifest themselves in any of these compounds. Its presence cannot be
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6. Discussion

proved by a neutron diffraction experiment due to too high difference in signals
obtained from eventual Ni-moments (~ 0.1 pg) and from the rare-earth moments (~ 4-
8 ug). Such estimation needs to perform a site-specific experiment what could be for
example X-ray resonant magnetic scattering.

The magnitudes of the R-moments determined by different experimental
techniques (neutron diffraction, magnetization — including measurements on DyNiAl
single crystal, Mdssbauer spectroscopy [2]) agree very well with each other. These
moments are significantly smaller than the free-ion values. This can be caused mainly
by the crystal-field effect. Also the frustration of the moments that occurs quite often in
compounds with the hexagonal symmetry and triangular arrangement of the magnetic
atoms (e.g. [76,77]) can be another factor. Third contributor is probably the competition
of the exchange mechanisms as described above that cause decrease of magnitudes of
the ordered moments around the critical region of substitution (x =0.8). Reduced
magnetic moments with respect to the free-ion values are observed in many compounds
with this crystal structure — e.g. in TmPdIn [78], ErPtIn [79], TbPtIn [80], HoPtIn [81],
ErPdIn [81], HoAuln [82].
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DyNip gCuq Al sample — there are two coexisting components of
reported for compounds the ordered moment (different from F + AF!).

propagation was also

from the opposite end of the
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6. Discussion

lanthanide group, PrNiAl and NdNiAl [44]. One can see the tendency when spanning
the lanthanide group in the periodic table of elements shown in Figure 6.4 suggesting
that the incommensurate propagation is connected with the occupancy of the 4f-electron
shell, i.e. it appears namely for compounds having R-element with either almost empty
or almost full f-electron shell. Further observed tendency is the strengthening of
antiferromagnetism when going from Tb- to Tm- compounds. Data shown in the
Figure 6.4 corresponding to another than Dy- and Er-based series were taken from
Refs.: [3]-Tb, [44,48]-Ho, [1,50]-Tm.

Moreover, we found out in our experiment that the parent compound DyCuAl
does not exhibit the AF component like the DyNiAl what is in contradiction to
presumption of similar behavior determined from bulk data [48]. Nevertheless, we
cannot exclude the possibility of sample (or sample-quality) dependence of the results
that could cause the discrepancy of our neutron-diffraction results made on the DyCuAl
sample with that ones performed on different sample of the same compound by previous
study [48].

6.3 Relation between structural and magnetic properties

In the case of Er-based series, the p«,

step-like change in lattice parameters could '*°|

inspire an idea that the anisotropy would 100

change suddenly just at the concentration w0l —
where the step is observed, but the neutron —

1
1
1
1
1
1
1
1
1
1
60 X
1
1
1
1
1
1
1
1
1

diffraction reveals that the anisotropy change is _
not connected primarily with the lattice 40} —
discontinuity. We observe a continuous gradual —

20
change instead, clearly demonstrated in _

Figure 5.16. The transition from AF to F and  ° [, 00 o2 o5 o6 o8 10 X

change of the magnetocrystalline anisotropy EiAl ErCuAl

. . . . Figure 6.5: Lower part of the energy-level
occur independently on structure discontinuity Scﬁemes in the [I)ErNh_XCuXAI Seggs as

(the c/a step), that could have only minor derived from specific-heat data. Change in
the tendency is visible between x = 0.5 and

influence e.g. on crystal-field parameters (see 0.6, where the structural change was found

Figure 6.5). Recent study of crystal field ,E:Egntf?gmgsgf. ?;‘;]hed line). The figure is
discovered the change of the energy-levels

evolution in the point of the structural transition within the ErNi; Cu,Al series [72] —
see Figure 6.5. Also in the Dy-based series the step observable within the

Cu-concentration scale is not connected with any sudden change in magnetic properties.
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6. Discussion

The structural discontinuity seems then to be rather a consequence of
geometrical properties and chemical-bonding forces, since this effect is present in both
— the paramagnetic and ordered state. The shift of the c/a ratio through the lanthanide
period in the periodic table is systematic with respect to rare-earth atomic radius,
temperature and the transition-metal substitution.

A closer study of the energy levels using inelastic neutron scattering experiment
is worthy to perform in order to investigate the structural discontinuity from point of
view of microscopic method. The compounds exhibiting the step in temperature
evolution are good candidates since there is no danger of different sample quality
below- and above-the step.
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7. Conclusions

We have studied two selected pseudoternary series with the formula
RNi;,Cu,Al and with R = Er and Dy including a DyNiAl single crystal from point of
view of magnetic behavior. Also a crystal-structure study was performed both
above-mentioned series together with several other isostructural compounds selected
on the basis of the discovered effect mentioned below.

In the studied RNi,_,Cu,Al series (R = Er, Dy), a structural discontinuity in the
evolution of the lattice parameters was found. A common property of the discontinuity
is the absence of similar values of the c/a ratio of the lattice constants. A similar
feature was also observed for other compounds (e.g. in the TbNi; Cu,Al series at
room temperature and in the temperature evolution of the lattice parameters of
TbNiAl, TbNij¢Cug;Al, TbNiygCug,Al, TbPdAIl and ErNij45Cug ssAl) where similar
c/a values were absent. A rule of “forbidden c/a values” for the RTAl compounds
crystallizing the ZrNiAl structure was established and is corroborated by the results
obtained by other authors. A systematic evolution of the boundary within the
x-parameter for RNi;Cu,Al compounds and within the temperature for RNiAl
compounds was also found (see Figure 6.3). In our study, two exceptions were found
that do not follow this rule — Ce,.Y,PdAl and TbPd, Ni,Al. These exceptions are
discussed on the basis of substituted atoms with a too much different radial extent
(Ce-Y, Pd-Ni).

In the magnetic study, the common property is the complex magnetic behavior
of the substituted compounds, much more complicated than was expected on the basis
of the behavior of the parent compounds. A common property of all studied
compounds, including previous results on TbNi;_ ,Cu,Al, is the loss of the long-range
magnetic order in a similar Cu-concentration region (around x = 0.8), presumably due
to competition of different exchange interactions. Another property that was found is
the enhanced tendency to antiferromagnetic order and incommensurate propagation
when going from Tb to Tm in the RNi;_,Cu,Al series.

We have been seeking for a connection between the structural step and the
evolution of magnetic behavior. However, no direct connection between the structural
discontinuity and the changes in magnetic structure was found. We can conclude that
mainly the number of d-electrons governs the development of magnetic properties
within the RNi,_Cu,Al series.

A further study of the corresponding compounds by means of inelastic neutron
scattering (determination of changes in the crystal-field energy levels) and local-probe
methods like uSR is proposed for better understanding of the nature of the structural
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discontinuity and of the compounds in the composition region where no long-range
magnetic order was found. In the future, it is also worthy to perform a study of series
with R from the group of light rare-earth elements, like Sm, Nd or Pr, to investigate the
possible existence of aspects of the observed phenomena for a wider range of the
rare-earth elements.
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