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Abstrakt:

Tato prace se zabyva magnetickymi vlastnostmi slouceniny NdPd;Al, studovany-
mi pomoci magnetizacnich méfeni, méreni mérnych tepel a rozptylu neutront.
Slou¢enina krystalizuje v tetragondlni grupé I4/mmm s mfizovymi parametry
a =4.147 A a ¢ =14.865 A, magneticky se usporadavy pod Tx =1.3 K a vykazu-
je magnetokrystalovou anizotropii kvuli pusobeni krystalového pole. Magnet-
icky fazovy diagram se podobné jako u strukturné piibuznych slouc¢enin RT X
a RyT X g vyznacuje pritomnosti dvou ruznych magnetickych fazi . Antiferomag-
netickd faze v nulovém poli se propaguje s vektorem k = (%OO) a vyznacuje se
usporadanim neodymovych momentu o velikosti 2.22 pg/Nd podél tetragonalni
osy ¢, jak bylo zjisténo pomoci neutronové difrakce. Fazovy pfechod z para-
magnetického do magneticky uspotadaného stavu v nulovém poli je fazovym
prechodem prvniho druhu. Pomoci nepruzného rozptylu neutronu jsme detekovali
krystalovopolni hladiny o energiich 3.0 meV, 7.4 meV, 8.6 meV a 17.1 meV. Nase
poznatky o krystalovém poli ve slouc¢eniné NdPdzAl, ziskané pomoci nepruzného
rozptylu neutronu déle porovnavame s vysledky analyzi krystalového pole pomoci
susceptibilit a vypoctu z prvnich principu a konfrontujeme s experimentalnimi
magnetizacnimi daty a magnetickymi mérnymi teply. Vysledky rovnéz diskutu-
jeme v kontextu pribuznych slou¢enin RPdsAly, RTXg a RT X 5.

Klicova slova: magnetismus, supravodivost, krystalové pole
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Abstract:

We have studied magnetic properties of the intermetallic NdPds;Al, compound
by means of specific heat and magnetization measurements and neutron scat-
tering. The compound crystallizes in the tetragonal 4/mmm space group with
lattice parameters a =4.147 A and ¢ =14.865 A, orders antiferromagnetically
below Ty =1.3 K and presents large magnetocrystalline anisotropy due to the
crystal-field effects. The obtained magnetic phase diagram is characterized by
two distinct magnetically ordered phases similarly to structurally related tetrag-
onal RTX5 and Ry,TXg compounds. The zero-field antiferromagnetic phase is
characterized by the propagation vector k& = (300) and antiferromagnetic cou-
pling of Nd moments along the teragonal c-axis with the amplitude of magnetic
moments of 2.22 up/Nd as was revealed by neutron diffraction. The transition
from the paramagnetic to magnetically ordered in zero field is the first-order phase
transition. The CF excitations in NdPdzAl, were detected by means of INS at 3.0
meV, 7.4 meV, 8.6 meV and 17.1 meV. We further compare our findings about
CF in NdPdsAl, obtained from INS, susceptibility analysis and first-principles
calculations and confront them with the experimental magnetization and mag-
netic specific heat data. Our results will be also discussed with respect to related
tetragonal RPdsAly, RyTXg and RT X5 compounds.

Keywords: magnetism, superconductivity, crystal field
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Introduction

Tetragonal ternary intermetallic compounds of elements with partially filled f-
electron shell attract attention of scientific community due to the broad variety
of exciting properties ranging from complex magnetic ordering and pronounced
magnetocrystalline anisotropy to unconventional superconductivity and strong
electron correlations.

Several of these materials, in particular the cerium-based from RTX; and
R,TXg series (R is a rare earth element or actinide, T' represents a transition
metal and X a p-metal)[1H3] , have been extensively studied due to the rela-
tionship between magnetism and an unconventional superconductivity which is
mediated by magnetic fluctuations and it is thus closely connected to magnetism
and properties of f-electrons. For proper understanding of their often intriguing
behaviour, investigation of their isostructural magnetic analogues is of a big im-
portance. Magnetic properties of these analogues are predominantly governed by
exchange interactions of RKKY type and CF, which influences fundamentally the
magnetocrystalline anisotropy. Neodymium analogues are due to their closeness
to the cerium compounds for such studies good candidates.

RPdsAly compounds, which are structurally closely related to R,TXg and
RTX; compounds, have aroused an interest after the discovery of a param-
agnetic unconventional heavy-fermion superconductor NpPdsAl, (7. = 4.9 K,
v = 200 mJ mol™! K=2) by Aoki et al. in 2007 [4] and a Kondo lattice antifer-
romagnet CePdsAly [5] followed by reporting of a pressure-induced superconduc-
tivity in this compound [6].

These findings motivated us for the study of NdPdsAl, compound, on which
we aim in this work. We have focused in particular on crystal field in the context
of anisotropic magnetic properties and detailed examination of the magnetically
ordered state and its development in magnetic fields.

Outline

The thesis is composed of four chapters and it is organized in following way:
provides a theoretical framework from magnetism of free ions to mag-
netism of solids with the focus on the crystal field and overviews briefly basic
concepts of heat capacity of solids. Experimental methods of bulk magnetization
and specific heat measurements and employed neutron scattering techniques are
presented in |Chapter 2| |Chapter 3| overviews concisely previously studied related
compounds. The principal chapter of the thesis, [Chapter 4] consists of two main
parts. In the first part to , the results of bulk magnetization and specific
heat measurements and details of the magnetic phase diagram are complemented
by findings about the magnetic structure studied by neutron diffraction. The
second part is concerned with crystal field investigated by three different
methods including inelastic neutron scattering. Finally, our results are summa-

rized in Conclusion .




1. Theoretical background

The purpose of this chapter is to introduce concisely an essential theoretical
framework related to the topic of the thesis. We will overview the most important
equations, definitions and relations between quantities significant for magnetism.

1.1 Magnetism of free ions

1.1.1 Rare earth ions

Electronic properties of rare earth atoms and ions are particularly given by the
incompletely occupied 4f electron shell. Since 4f electrons of rare earths keep
their character to a profound extent even after inserting into a solid, free ions are
a good starting point for understanding of rare earth magnetism.

The non-relativistic Hamiltonian of a free atom/ion system can be written in
a form [7]

H :H0+Hresu (11>

where Hg consists of the kinetic energy of electrons at positions r;, Coulomb in-
teraction between electrons and a nucleus of an element with an atomic number Z
and an effective spherically symmetric one-electron potential Vog which simulates
a part of the electron-electron interaction:

h? Ze”
Ho=D =5 =Vi= ==+ Vealra). (1.2)

H.es 18 a so-called residual interaction and involves electron-electron interaction
diminished by the effective potential

1 e?
res — & 1 V;e i) - 1.3
P =5 2 ooy~ 2 Vel -
i#j

Introducing central potential Vg into [Eqgs. (1.2)| and [(1.3)| simplifies the solution
of the problem and assures that H,.s can be treated as a weak disturbance
in terms of the perturbation theory. Then an effective one-electron approach
(based on e. g. Hartree-Fock approximation or density functional theory) can be
employed using one-electron hydrogen-like eigenfunctions of in the form
8]:

2ﬂnlmlms (I‘, 0) = Rnl(r)}/lml (67 (b)XmS . (14)

Here R, is a radial wave function, Y},,, a spherical harmonic, ,,, a spin function
and n, [, m; and m, denote principal, azimuthal, magnetic and spin quantum
numbers. As it is known, these quantum numbers determine energy of the states
in a hydrogen-like atom, magnitude of the orbital angular momentum of indi-
vidual electrons, its projection on a selected axis (usually z-axis), respectively
projection of their spin. Quantum numbers n and [ define (2(2;+1))—times de-
generate eigenstates of Hg referred as electron configuration (k is number of the
electrons in the incompletely occupied shell).
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Spin and orbital angular momentums of individuals electrons couple to form
separately a total angular momentum of the ion. For transition elements, in-
cluding rare earths, Russell-Saunders (LS) coupling is well-applicable [9]. In this
vector coupling scheme, spin and orbital angular momentum of electrons s®
and 1) contribute to give separately the overall spin angular momentum S and
the overall orbital momentum L of and the total angular momentum J of the
system is then a vector sum of the spin and orbit part, schematically:

L=>) 19 (1.5)

. Russell-
S = Z s, Saunders

coupling
J=L+S.

States characterized by quantum numbers L and S (associated with the eigen-
values of the appropriate operators), which arise from after considering
the residual term H,es, are (2L + 1)(25 + 1)-times degenerate and we call them
terms. They are usually labelled as 2°*'L and following spectroscopic notation
is used for corresponding values of L:

L= 0 1 2 3 4 5 6...
S P D F G H I....

Assuming LS coupling, the most important relativistic correction, i. e. the
spin-orbit interaction, can be introduced in the form [10]

Hso = ((LS)(S- L) (1.6)
and added to the Hamiltonian (1.1]), thus we have
H=Hy~+ Hres + Hso- (1.7)

Symbol ¢ in designates the spin-orbit coupling constant. The spin-orbit
coupling further lifts the degeneracy of the terms and splits them into multiplets
251, ;. Possible values of the total angular momentum J range from |L — S| to
L+5S.

In order to determine the ground state of the rare earth ion, which is crucial
for magnetism, and corresponding values of L, S and J, empirical Hund’s rules
can be applied [11]:

1. The lowest-lying energy level has the maximal possible value of S consistent
with the Pauli exclusion principle.

2. Among the levels with the same value of S, the level with the maximal
allowed value of L gives the lowest energy.

3. For the less than half-filled shell, the lowest-lying energy level has J = |L—S].
For the more than half-filled shell, the lowest-lying energy level has J = L+S.

*We will consider angular momentums L, S and J as dimensionless, i. e. expressed in the
terms of reduced Planck constant constant .



First two Hund’s rule enable us to choose the ground-state term, third Hund’s
rule the ground-state multiplet after considering the spin-orbit coupling, i. e.
corresponding to the Hamiltonian (|1.7)).

1.1.2 Paramagnetism of free ions

Eigenstates of can be also conveniently labelled as {|aJM;LS)}; index «
further specifies the electron configuration. These states are still 2. + 1-times
degenerate with respect to the projection of the total angular momentum M.
Angular momentums L and S are directly associated with the paramagnetic mo-
ment of the ion via relation [9)

p = —pup(L+28). (1.8)

According to the Wigner-Eckart theorem, matrix elements of the operators with
same transport properties are proportional, particularly for matrix elements of
spin, orbital and total angular momentum it holds [12]

(aJM;LS|L+ 2S|aJM,LS) = g(LSJ) (aJM ;LS| J |aJ M LS) (1.9)
where the constant of proportionality ¢ is so-called Landé g-factor

JJ+1)+8(S+1)— L(L+1)

—1
g=1+ 2J(J + 1)

. (1.10)

Let us now consider an ion in the state |aJM;LS) inserted into a static uni-
form external magnetic field H. For an ion with partially filled shell, we may
neglect weak diamagnetic correction, namely Larmor diamagnetism, and write
the Zeeman interaction Hamiltonian in a form

Hzeem = —p0- H=pp(L+2S)-H=gup(J-H). (1.11)

Since Zeeman splitting produced by ordinary laboratory magnetic fields is usu-
ally much weaker than splitting caused by spin-orbit coupling, it can be tak-
en into consideration as a consecutive perturbation which additionally lifts the
2J + 1-fold degeneracy of the states {|aJM;LS)} in M,;. Magnetization, respec-
tively overall magnetic moment, of a paramagnetic system of ions is generally
given by thermal-averaged contributions p; from individual levels which follow
the Boltzmann statistics

1 —L;
Mi:Ezﬁ:uﬁexp( BT)‘ (1.12)

Here pp = —gup (n|J;|n) is the moment of the level with the energy FEj, J; is
the projection of the total angular momentum to the direction of an applied field
and Z is the partition function

Z:zﬁ:exp (j;f) (1.13)

Magnetization (per unit volume) of NV free ions can be then, considering perturbed
Hamiltonian ((1.11)), expressed in a closed form[13]

N
M = VMBQJBJ@)’ (1.14)
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where we adopted the Brillouin function B

Bj(x) = 2/ 11 coth (M> — i(:oth <£> (1.15)

2J 2J 2J 2J

with z = “ﬁ%‘]TH. For z < 1 we can obtain the Curie law for the static longitudinal

paramagnetic susceptibility [9]

oM

oM N J(J+1)
X Curie = OH

C
=— 2 =— 1.1

H—0

where C' is the Curie constant. Quantity p = g+/J(J + 1), squared in the nomi-
nator of characterizes the paramagnetic behaviour of a system of ions
and is called the effective Bohr magneton number [13]. For x — oo, namely in
the limit of high fields and low temperatures,the Brillouin function approaches
1 and magnetization therefore saturates at the value proportional to gJ
referred to as the saturated moment (in units of ug). Values of these quantities
as well as other properties of trivalent rare earth ions are listed in the
below.

Ton Electron Ground state g D gJ
configuration
Cedt 4f1 552p0 2Fs /2 8 254 214
Pr3t 4% 55%p° SH, 2358 3.20
Nd**t  4f3 550 oo 2362 327
Pm3t  4f* 552p an 2268 240
Sm3t  4f° 552p SHj/ 2 08 0.71
Eu?t 46 55%p° Fo 0 0 0
Gd*  4f7 5s%pS 8S7/2 2 794 70
Th3t  4f® 5520 Fe 3972 90
Dy3+ 419 5s%p8 SH5.2 3 10.65 10.0
Ho®t  4f10 552p6 °Tg 2 1061 100
Ert 4 f1 5525 ity g 958 90
Tm?t  4f'? 5s%p° *He ¢ 756 70
Ybh3t 413 5520 2F1/9 8§ 454 40

Table 1.1: Trivalent rare earth ions and their properties|14]: electron configura-
tion, spectroscopic symbol of the ground state, Landé g-factor and g.J.

Experimental values of g, p and gJ for intermetallic rare earth compounds
usually somewhat differ from those mentioned in the table for free ions - the
reason for that are in principle additional interactions emerging in solids, e. g.
crystal field, hybridization with conduction electrons, Kondo effect and others,
some of them will be discussed in the following.



residual int.
A

4t
=107 K

spin-orbit int.

¥ —_— = 1’K crystal field
L.S - :I .
— — T2
’ ’ L, S, J, r

Figure 1.1: Consecutive splitting of 4f energy levels due to the residual interac-
tion, spin-orbit coupling and crystal field, its typical magnitudes and quantum
numbers characterizing states. After [16].

1.2 Magnetism of solids

1.2.1 Crystal field

When an ion is embedded into a crystal, it experiences a crystal field (CF) (also
crystalline electric field) which is given by the surroundings of the ion and sym-
metry of the ion site. Symmetry of a crystal, defined by a finite crystallographic
group, is necessarily lower than full rotational symmetry of a free ion and, thus,
CF effects generally lead to the splitting of the free-ion energy levels according
to the group theory [15]. In contrast with ions of 3d elements, the perturbation
due to the CF is in the case of rare earth ions small compared to the spin-orbit
splitting (which is weaker than residual interaction) and hence CF lifts the degen-
eracy of multiplets as illustrated in the [Fig. 1.1 The degeneracy of the ions with
odd number of electrons cannot be removed by the CF completely - according
to the Kramers theorem energy levels of an ion in a presence of an electric field
of any nature, including CF, remain at least twofold and evenly degenerate [17].
Tons with odd numbers of electrons (incuding e. g. Ce** and Nd*") are therefore
referred to as Kramers ions.

We will describe CF effects on the basis of a simple point-charge model as
presented in [18] using the method of operator equivalents originally introduced
by Stevens [19].Although CF effects cannot be interpreted as an electrostatic
interaction only [20], this model provides a qualitatively good description of the
CF, since a number of energy levels and their degeneracy is determined solely
by symmetry. It assumes that CF effects of crystalline environment on a single
magnetic ion can be described as electrostatic interaction with point charges g;
at positions R; with potential

Vor(r) =Y = (1.17)
—~ |R; — |
The further step is to express the electrostatic potential (1.17]) in terms of spher-
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ical harmonics employing the so-called Laplace expansion [21]

n

1 P - m
Ry —x] ZW%J@ D (CD"Y (0,65, (6, ) (1.18)

n m=—n

and subsequently switch from complex spherical harmonics Y, to their real coun-
terparts - tesseral harmonics Z)* which are defined and listed e. g. in [22]. Tesser-
al harmonics Z" are already closely related to Stevens operators O, which can
be obtained by substitution of coordinates x, y and z with (properly symmetrized)
components of total angular momentum J,, J, and J,, respectively, as illustrated
below on the example of tesseral harmonic Z3 and operator O9

79 o 322 —r?

2(32]2 —7r3) o< (r?) [3J2 = J(J + 1)] = (r*) OF.

J

A complete list of other Stevens operators O;* can be found in [18] or [23]. Finally,
we can thereby get the CF Hamiltonian ‘Hcp from in a well-known form:

Her = Y Broy =>» Ay (™) 6,0 (1.19)

n,m

Here B]", respectively A" are crystal-field parameters, multiplicative factors 6,

(02 = avy, 04 = By, 06 = ) are so-called Stevens coefficients which are tabulated
for each RE ion [18]. Matrix elements of the CF Hamiltonian can be then
thanks to the Wigner-Eckart theorem evaluated within the basis of functions
{|aJM;LS)} without the need of going back to the Cartesian Hamiltonian (1.17)).
In practice, summation in does not run over all possible indices n, m
but due to the symmetry is restricted to only several relevant independent terms
yielding non-zero matrix elements, especially [24]:

e All terms with n > 2[, where [ is the orbital quantum number of a single
electron in the incompletely occupied shell, vanishes.

e Terms with n > 2J do not contribute.

e The term with n = m = 0 is spherically symmetric and hence it does not
cause splitting.

e All odd-n terms in disappear in consequence of orthogonality of
spherical harmonics.

e Having the coordinate axes properly chosen with respect to a crystal, it
holds due to the local point symmetry of the magnetic ion site:

— If the z-axis is a p-fold axis of symmetry, terms do not apply unless m
is an integer multiple of p.

— If the y-axis is a twofold axis of symmetry, terms with n + m odd
vanish.



These rules practically reduce a number of applicable terms in|Eq. (1.19)|to some
of those with n = 2,4,6. Furthermore, relations among Stevens operators of the
same order apply for particular CF symmetries. Consequently, there are only
several independent CF parameters for particular crystal systems depending on
a crystallographic point group of the magnetic ion site as listed in the [Table 1.2

Table 1.2: Independent CF parameters for particular crystal systems and point groups.
Symbol * designates complex CF parameters [25].

crystal system point groups (Schoenflies) point groups (Hermann-Mauguin) CF parameters

cubic T Ty T, OOy 23 43m m3 432 m3m BB

tetragonal Dy, Dog Cyyy Dy 4/mmm 42m dmm 422 BIBIB{B}B

tetragonal Cy Sy Cap, 444/m BIBIB{B¢* B

hexagonal Cap, D3y, Cop Ds Cg D, Cep, 6 6m2 6mm 622 6 6/mmm 6/m  BIBIBIB¢

trigonal Cly Dsgq Dy 3m 3m 32 BYBYB3BYB:BS

trigonal Cs Sg 33 BYBYB3BYB¥ B
orthorhombic Dy Cy, Doy, 222 2mm mmm BYB3BYBB;B)B2B: B¢
monoclinic Cy Cop 22/m B B3B! B¥ B}* BY B¥* By* BS*
triclinic C C; 11 (15 parameters)

As an illustrative example of (1.19]) we present the CF Hamiltonian of the Ce3*
ion in the tetragonal environment|', In general, Hamiltonian of the tetragonal CF
consists of five terms:

etr — BYOY + BYOY + B0} + BYOY + BiO:. (1.20)

But since J = 5/2 for Ce*" ion, the higher-order terms with n = 6 do not
contribute according to the previously mentioned rules and by evaluating the

in the basis {|aJM;LS)} we get (here states are designated by |M;))
5/2)  13/2) [1/2) |-1/2) [=3/2)  [-5/2)

(5/2] A 0 0 0 12v/5B4 0
(3/2] 0 B 0 0 0 12v/5B}
tetr g3ty = (1/2) 0 0 C 0 0 0
ar (G =" o] o 0 0 C 0 0
(=3/2| | 12v/5B¢ 0 0 0 B 0
(—5/2] 0 12v/5Bf 0 0 0 A
(1.21)
where

A =10B3 + 605}
B = —2BY — 1808 (1.22)
C = 120B) — 8Bj.

Energies and corresponding wave functions can be then obtained by solving a
standard eigenvalues problem. In case of Ce3" in the tetragonal CF, the procedure

Initially, we intended to present the Hamiltonian of the Nd3*t in the tetragonal CF here
which would be more meaningful with respect to the topic of the thesis. But since its matrix
is much larger (10 x 10) and involves sixth-order terms we decided on Ce®** for better lucidity,
similarly as in [26].



leads to three Kramers doublets. Using values of the CF parameters for e. g. the
tetragonal compound CePd;Al, published by Nakano et. al. [27] (BY = —12 K,
B} = —0.1 K and B} = 1.9 K) we will explicitly have:

ITE) = 5 0.963 |[+5/2) 4+ 0.269 |[F3/2) <+ Fr, = 0K
ITE) 0.269 [+£5/2) 4 0.963 |F3/2) < FEr, = 197K (1.23)
ITs) 14+1/2) & Ep, = 224K.

As we can see individual Kramers doublets are composed of linear combinations
of wave functions with the opposite projection of the total angular momentum.

In the following section we will inspect effects of the CF on magnetic proper-
ties.

1.2.2 Influence of the crystal field on magnetic
properties

Since the CF produces an energy level scheme different from that of a free ion and
affects a charge density distribution upon the magnetic ion site, it is crucial for
magnetic properties influencing fundamentally the magnetocrystalline anisotropy.
The Hamiltonian of the CF system under magnetic field may be written as follows:

H="Hcr +9upJ;H, (1.24)

where J; is the component of the total angular momentum in the direction of the
field H. Field dependence of magnetization can be then calculated with the help
of formula considering Hamiltonian and its eigenstates. Zeeman
term in causes rather small splitting compared to the CF (typically
in order of 1-10 K for rare-earth systems in common laboratory magnetic fields)
allowing us employing perturbation expansion in order to find an expression for
susceptibility. The energy up to second-order perturbation will be

Eo(H) = En + gupH (n| J;|n) + (gpp H2Z’m"]'” - (1.25)

m#n

Using partition function (1.13]), its relation to the free energy F' = —kgT'InZ
and thermodynamic definition of susceptibility xy = g—]‘}ﬂ Hoso —%, we can
obtain after some rather tedious derivation (more thoroughly e. g. in [26]) an

appropriate relation for the paramagnetic CF susceptibility:

N (g [ % Sl - <—En>

XcF —V 7

kT kgT

E, - E,

~ (1.26)
, exp (EE;) — exp ( f;)
+ > [ml Ji [n)] ]
notm

States |n) and energies F,, are eigenstates and eigenvalues of the CF Hamiltonian.
First term in ((1.26)) containing diagonal matrix elements of the total angular
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Figure 1.2: Effects of the CF on magnetic properties in the tetragonal CePdsAl,:
Field dependence of magnetization (a) using , susceptibility (b) according
relations and , splitting of the energy levels under magnetic field
without (c) and with the CF (d). Parameters used for calculation of the curves
are taken from [27]:

BY=-12K, BY = -0.1K, B! =19 K,

A0 —=_5 8108 mol m~3; ACU=-2.0%x10° mol m~3;

X6 =-6.3x1071% m® mol !, x§"=-5.0x107% m? mol~".

momentum tends to diverge as % at low temperatures and it is the Curie term

already mentioned in the [Section 1.1.2] The latter term incorporating matrix
elements between different CF states becomes constant at zero temperature and
it is reffered as the Van Vleck paramagnetic contribution [10].

To demonstrate effects of the CF on magnetic properties we again chose the
tetragonal CePdsAl, as an example and we used wave functions and energies
to calculate field dependence of magnetization, susceptibility and splitting
of the energy levels under magnetic field with and without CF (Fig. 1.2).

1.2.3 Exchange interactions

Exchange interactions originate from the antisymmetry of the fermionic wave
function and are principally responsible for the phenomenon of long-range mag-
netic ordering in solids.

We distinguish direct exchange which applies in case of ions with a significant
overlap of charge distributions, primarily in 3d electron systems, and indirect ex-
change which occurs in 4f compounds [28]. Indirect exchange interaction can be
mediated either by non-magnetic ions or by itinerant electrons. The former type
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Figure 1.3: Oscillatory part of the RKKY exchange parameter ((1.28]) as a function
of 2]{}1:7“

of indirect exchange coupling is observed in insulators and it is also called superex-
change, whereas the latter dominates in 4 f metals and intermetallic compounds
and it is known as the RKKY interaction (after Ruderman, Kittel, Kasuya, and
Yosida).

The common description of exchange interactions is based on the isotropic
Heisenberg Hamiltonian where coupling between two S-state ions with spins S;
and S; takes form [§]

Hij = =T Si - S;. (1.27)

Ji; represents exchange parameter. The exchange parameter of the RKKY type
JRERY takes a form of an oscillatory function (see [Fig. 1.3)) varying as [29)

x cos(z) — sin(x)
JHEEY o - (1.28)
where x = 2kpr and kg is the Fermi k-vector. Preferable type of magnetic

ordering then depends on the sign of JREEY on the site of the neighbouring

magnetic ion exhibiting ferromagnetism characterized by parallel moments when
the sign is positive, (simple) antiferromagnetism with the antiparallel alignment
of the moments for the negative sign or more complicated types of magnetic
ordering (e. g. helical structures) for the oscillating JREKY,

Usual treatment of the exchange interactions further employs mean field ap-
proximation which enables expressing exchange interactions effectively in terms
of a single-ion Hamiltonian

Hex = —p - Hy (1.29)

and the molecular field H,, which is proportional to magnetization. Altogether
with the foregoing, we will have Hamiltonian of the same type as (|1.24)):

12



where effective field Ho.g = H + \; M; involves the influence of both external mag-
netic field and exchange interactions represented by the molecular field constant
A sufficiently well describes paramagnetic behaviour as well as a
variety of other properties of most rare-earth compounds [§].

For the overall susceptibility we may then write a relation

1 .
Xi=—71 — + X0 (1.31)
o\

XcF
where we, besides molecular field constant A; which shifts the reciprocal CF sus-
ceptibility 1/x&p, also added the temperature-independent term x§ representing
Pauli paramagnetic susceptibility of conduction electrons. However, Pauli contri-
bution of conduction electrons is usually by several orders of magnitude weaker
than paramagnetic contribution of magnetic ions and thus often negligible [12].

CF susceptibility y&p in the isotropic case, i. e. without the influence of the

CF, reduces simply to ycure (1.16) and we may obtain from (|1.31)) Curie-Weiss
law for paramagnetic susceptibilit

C
= —— 1.32
Xcw T—@p’ ( 3)

where 6, is the paramagnetic Curie temperature. Within assumptions of the
mean field theory, this temperature should correspond to the critical temperature
Tco of a ferromagnet (respectively Neél temperature of an antiferromagnet) at
which the spontaneous ordering occurs and which can be in this model related to
the molecular field parameter A\ and exchange parameter [J:

JJ+1)T E(QMBV
3kp -V 3kp

Nevertheless, experimental values of 6, often more or less differs from 7 also due
to the CF. Taken vice versa, experimental Curie paramagnetic temperatures may
serve for preliminary analysis of the CF and can be used, considering isotropic
Heisenberg exchange, for estimation of the parameter BY - leading CF parameter
of anisotropic uniaxial (i. e. tetragonal and hexagonal) materials [10]:

T =

J(J + 1A, (1.33)

1 4, 1 3

kO =3 J(J+ 1)T = =(J = 5)(J + 5) By (1.34)
1 2 1 3

kBQJ_ :gr](t]‘f‘ 1)j+ g(:] - 5)(J+ 5)33,

(1.35)

where 6 (0) are determined by fitting high-temperature part of susceptibilities
to the Curie-Weiss law when field is applied parallel, respectively perpendicular
to the principal axis.

1.3 Heat capacity of solids

Heat capacity is the heat required to change the temperature of a substance
by 1 K. Although it is one of the most fundamental physical quantities, it may

¥We have dropped the Pauli susceptibility xo here.
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provide useful information about internal degrees of freedom in matter which are
responsible for the capability of storing energy supplied as heat. It is thus closely
connected to the entropy of a system and we may write defining relation in the

following manner:
oQ oS
Cvp <8T) v (8T> vy (1.36)

where Cy designates heat capacity at constant volume (more fundamental quan-
tity for calculations) and C), heat capacity at constant pressure (quantity which is
usually more easily experimentally accessible). We often consider heat capacity
per unit amount of a material, namely specific heat. Total specific heat of a solid
typically consists of several additive contributions

Ctot - Cph + Cel + Cmag + Cetc- (137)

Cpn symbolizes the phonon specific heat, Cy is the specific heat of conduction
electrons, Cpae comprises contributions of magnetic origin and Ce involves pos-
sible other contributions (e. g. nuclear specific heat).

Phonon specific heat has its origin in lattice vibrations and typically represents
the largest part of the specific heat at higher temperatures. For its description
we use two models based on the harmonic approximation - the Einstein model
and the Debye model.

The Einstein model assumes an ensemble of atoms oscillating at the same
frequency wg leading to the relation (for one phonon mode) [13]:

2 oxp(©
CE:kBNA(%) [exp(;))lr, (1.38)

where O = T—BE is the Einstein temperature and N Avogadro constant. This
model is convenient for approximation of optical phonon branches.

Debye model can be utilized for description of acoustic phonon branches. It
considers linear dispersion w = ck and permits phonon frequencies up to Debye

frequency wp = @ with the resulting specific heat per one phonon branch as

follows: o
T\ [T
Cp = 3k Ny (—) / &(m)zdx. (1.39)
©p o [exp(z)—1]

Findings of the Sommerfeld theory of metals provide an expression for specific
heat of conduction electrons depending linearly on temperature:

Cy =~T (1.40)

This contribution becomes relatively more significant at low temperatures. Alto-
gether with the lattice contribution given by expansion of (1.39)) for 7' < Op the
widely used equation for the low-temperature specific heat therefore reads [12]

Con + Ca =T + BT?, (1.41)

where [ = %w“kBN A(é)g considering all three acoustic branches.
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An important task from the viewpoint of magnetism is proper separation of
the magnetic term Ciae from and its further examination. The analy-
sis comprises two parts: In the ordered state, magnetic excitations and critical
phenomena at the vicinity of phase transition contribute to the specific heat.
The spin wave theory suggests that specific heat ascribed to magnetic excitations
depends on their dimensionality d, type of ordering and possible gap A in the
magnon spectrum, summarizing all that we will have [30]

Cni = aT'n exp(—A/T), (1.42)

where a is a parameter reflecting spin wave stiffness and m = 2 for ferromag-
netic, respectively m = 1 for antiferromagnetic magnons. Moreover, there is a
contribution spread well in the paramagnetic region - Schottky specific heat is
connected to the entropy change as the excited CF levels are occupied and it is
given as follows:

2
E’?L —n n —_Ln
Sefmew (i) (S arow (i)
Cschotty = kpNa 7 — 73 . (1.43)

Maximum change of magnetic entropy between fully ordered and completely dis-
ordered state of a system consisting of 2J + 1 levels is then [31]

Simag = RIn(2J + 1). (1.44)
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2. Experimental techniques

2.1 Magnetic measurements

Magnetic measurements were performed on the Magnetic Property Measurement
System (MPMS) XL manufactured by the company Quantum Desigi[[32]. The
device is equipped with the sensitive SQUID detection system and 7 T supercon-
ducting magnet and can operate in the temperature range 2 - 400 K. It utilizes
induction technique - as a sample is moved through the pick-up coils, it pro-
duces variation of the magnetic flux and thus induces voltage on coils which is
proportional to the sample’s magnetic moment.

The magnetization at temperatures below 2 K was measured using cross-
shaped Hall effect probes. The sample was placed on the Hall cross on the a-c
plane with the edge in the middle of the cross and magnetic field applied along
the tetragonal c-axis (and in plane of the Hall cross). With this setup the Hall
sensor is sensitive to the stray field proportional to the c-axis magnetization.
Absolute values of magnetization were calculated by comparison with the MPMS
data using measurement at 2 K as a reference.

2.2 Heat capacity

Heat capacity was measured using the Physical Property Measurement System
(PPMS) 9 T, respectively 14 T equipped with Helium 3 refrigerator for achieving
low temperatures (down to ~ 0.4 K) and supplied also by Quantum Design. We
have employed two different methods:

Relaxation technique involves monitoring of the sample’s response to a constant-
power heating pulse and subsequent exponential relaxation down to the temper-
ature of the thermal bath as the heating is turned off. Heat capacity is then
determined from the relaxation constant 7 during cooling according to the rela-
tion [33]

T‘sample(t) - Tbath = ATe_t/Ta (21)
respectively heating, when the temperature difference between a sample and the
bath follows oc 1 —e~7. The temperature rise AT produced by the heater should
be considerably small within this method (typically in order of ~ 1% of Tp,am [34])
to assure that heat capacity does not change rapidly and might be considered as
constant. With this assumption, the method is not convenient for measurement
of the heat capacity in the proximity of sharp features as e. g. first-order phase
transitions [35].

Dual-slope method typically uses large temperature rises (i. e. in order of
Kelvins). Temperature dependence of the sample during heating 7}, (¢) and cooling
T.(t) is recorded and heat capacity of the sample is evaluated directly from heating
and cooling rates as [36]:

-1
on 8TC) | 22)

eT) (E ot

*Quantum Design homepage: http://www.qdusa.com/
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In contrast with the relaxation measurement, the method should avoid of smear-
ing specific-heat anomalies associated to the phase transitions [34].

2.3 Neutron scattering

Unique characteristics of neutrons - possessing of a magnetic moment due to
the spin and electrical neutrality together with long penetration depths in most
materials predetermines their broad applications in studies of structure and dy-
namics of matter. This makes neutron scattering a robust technique in modern
condensed matter research. We would like to mention two neutron scattering
methods, namely neutron diffraction and inelastic neutron scattering.

2.3.1 Neutron diffraction

Thermal neutrons commonly interact with a solid in a twofold manner: Short
range forces in nuclei of atoms give rise to nuclear scattering, whereas dipolar
interactions with magnetic moments of unpaired electrons cause magnetic scat-
tering. These two contributions to neutron scattering can be usually considered
separately. In crystals, we can conveniently apply formalism of scattering theory
taking advantage of their periodicity. This introduces i. a. an important term
of structure factors - intensities measured in the diffraction experiment are then
generally proportional to their squared modulus. Structure factor for neutron

nuclear scattering F¥ might be obtained as [37]:

FRf = "bsemQmi e, (2.3)
J

Summation runs over atoms in the unit cell at positions r;, b are their coherent
scattering lenghts, Q is a momentum transfer and W; represents the temperature
factor. From F* we can retrieve essentially similar information about crystal
structure as from X-ray diffraction - positions of the peaks in diffraction patterns
are given by the Bragg’s law and correspond to the distances of crystal planes
with Miller indices hkl. The difference between the two methods lies in scattering-
angle independent nuclear scattering lengths b5 (in contrast with varying X-ray
form factors) and comparatively higher sensitivity of neutrons to light elements.

The importance of neutrons consists in determining of magnetic structures.
These are usually described in terms of propagation vectors, also called k-vectors.
For magnetic structure factor we can use the following formula, summing over
moments within the unit cell [38]:

Fi oY fi(Qumi e @ e, (24)

where f; is a magnetic form factor and m}‘ component of the moment associated
with the propagation vector k (also the basis vector) and related to the physical
magnetic moment m; of the j-th atom in a unit cell by Fourier expansion:

m; = Z m;-‘e_ik'T, (2.5)
{k}

where T is the lattice translational vector.
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Instrument description

The neutron diffraction experiment was carried out at the instrument E6 at the
Helmholtz Centre Berlin. E6 (see is a focusing diffractometer optimized
for the neutron wavelength 2.4A and covering scattering angles from 5° to 140°
[39, 140]. The device allows experiments on both single crystalline and powdered
samples. It is equipped with a vertically and horizontally bent monochromator
and a position sensitive detector. As for collimation, the instrument offers two
options: The steady Soller type collimator provides better maximal possible res-
olution at the cost of relatively low neutron flux, so measurement requires longer
time. The adjustable fan collimator can change inclination of its blades dur-
ing angular scan delivering higher flux and together with the monochromator it
enables optimal performance at medium resolution [41].

Various different sample environments can be installed on the diffractometer
to perform experiments under required conditions. In order to deliver low tem-
peratures down to 0.4 K, we used Oxford Instruments Variox cryostat during our
measurement.

diaphragma secondary graphite radial

shutter filter collimator
/\_/

Rt

jE==En N

beam shutter fan )
and collimators collimators monochromator monitor sample detector

Figure 2.1: Schematic view of the E6 diffractometer. Taken from [42].

2.3.2 Inelastic neutron scattering

Inelastic neutron scattering (INS) is a powerful tool for examination of excitations
in condensed matter. One of its numerous possible applications is using it for the
direct investigation of CF levels in crystals. In such case, the following formula
for a double differential cross section might be employed assuming the dipole
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approximation and an unpolarized beam of neutrons 25| |43]:

d? k 1 2
f01g = N Omore ™ [50r(Q)] (2:6)
k
< Pl IL [0 8(hw — By + Bj) = 2S(Q, B).

Here constants N, v and ry denote a number of scattering centres (ions), the
neutron gyromagnetic ratio and the classical electron radius, respectively, k¢ and
ki represent the final and initial neutron wavevector. Information about the CF
is included in the sum: Magnitudes of the CF transition intensities observed in
the INS spectrum are given by matrix elements of the operator J; between CF
states |I';) and |I';) and by Boltzmann probabilities p;, their positions correspond
to the energy differences between CF levels. Quantity hAw is the change of the
neutron energy (energy transfer) and function S(Q, £) on the rightmost side of
is the so-called scattering function.

CF excitations might be often conveniently studied with a polycrystalline
sample. In such case, matrix elements of the operator J, in (projection of
the total angular momentum J to the direction perpendicular to the scattering
vector Q) take the form of the polycrystalline average [44]:

(0 3105 = 5 (T 02 L0 + 2T L) (@)

In practice, CF linewidths broaden due to relaxation processes in a material and
the delta function in passes into Lorentzian. However, the data collected
in the experiment are above that always convoluted with the instrument resolu-
tion function which is in case of the time-of-flight spectrometer discussed in the
following paragraph nearly Gaussian [45].

Instrument description and the time-of-flight technique

The inelastic neutron scattering experiment was performed at the IN4C instru-
ment [46] at the ILL Grenoble. INAC (shown in[Fig. 2.2) is the indirect geometry
high-flux time-of-flight spectrometer. It operates in the thermal neutron energy
range (~10-100 meV) and offers several possible monochromators delivering dif-
ferent neutron wavelengths. The bank of *He tube detectors (complemented by
the *He multidetector) covers scattering angles of up to 120°.

The experiment at the instrument proceeds as follows: The polychromatic
neutron beam is firstly partially monochromatised by the two counter-rotating
disc choppers. This is further accomplished by the monochromator, so the energy
of the incoming neutrons is well-defined. Then the neutrons pass through the
Fermi chopper which is essentially a rotating collimator producing short pulses
of the monochromatic neutron beam. For each packet of neutrons the time of
flight is measured, which is defined as the duration between leaving the Fermi
chopper and recording a neutron on a detector. Since the neutron beam is on
this flightpath of a known length subject of scattering on the sample (both elastic
and inelastic), the differences between the time of flight of detected neutrons and
the time of flight expected for the incident ones directly bear information about
energies of excitations in the sample. Detecting neutrons in the whole range
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of scattering angles then allows to reconstruct the scattering function S(Q, E)

completely.
Further details about the instrument, its technical possibilities, e. g. eventual

choices of monochromators and more about its operation can be found in ref.
(especially under the bookmark ”Characteristics”) or in the article [47].

Background choppers Curved monochromator
S

Diaphragm | Shutter
Sapphirefilter

Fermi chopper
Monitor p
Diaphragm

Figure 2.2: Schematic view of the IN4C time-of-flight spectrometer. The figure
was taken from .
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3. Previous results

3.1 Related tetragonal compounds

RPd;Aly compounds belong to a large family of structurally related tetragonal
intermetallics which involves among others RTX; and R,TXg compounds (R is a
rare earth element or actinide, T represents a transition metal and X a p-metal),
their structures are presented in[Fig. 3.1l  Several of these materials from RTXj
and R,TXg series, in particular cerium-based, are archetypal heavy-fermion sys-
tems with complicated behaviour, exhibit phenomena as quantum criticality or
the Kondo effect and were intensively studied due to the relationship between
magnetism and an unconventional superconductivity which is here seemingly me-
diated by magnetic fluctuations and it is thus also closely connected to properties
of f-electrons . On the other hand, magnetic properties of their non-Kondo
isostructural rare-earth analogues are mainly driven by RKKY and CF interac-
tions only and their investigation is therefore crucial for better understanding of
magnetism in these compounds. Hence, since early 2000s, when mentioned pa-
pers about CeTX; heavy-fermion superconductors were published, a lot of other
related substituted rare-earth materials has been prepared as well. From RTX;
series we can mention RColns , RCoGas or RRhln; , compounds.
As for R,TXj series, we can refer to e. g. papers for R,Colng, for
R,CoGag or to , for RoRhIng compounds, respectively. General features
of most of these compounds are relatively large magnetocrystalline anisotropy
which could be attributed to the CF interactions (see e. g. [51] for detailed
analysis) and the presence of two low-temperature magnetically ordered phas-

RT5X> RTXs5 R2TXsg
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°® 0 TX g X
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Figure 3.1: Comparison of structures of R75X, RTX; and R,TXg compounds:
Structure of the RT5X, compounds resembles that of the RTX; with exchanged
atoms of transition metal (7') and p-metal (X). R,TXg structure consists of the
same alternating layers of transition metal atoms, p-metal atoms and layers with
rare earth atoms R as RTXj.
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es: the ground-state antiferromagnetic phase and another field-induced magnetic
phase (even three different phases were observed in the case of Ho,Rhlng [57]),

, : . . ,
6 ey (@ . Ho,Rhin, ] 10 Hp,  NdRhIns
5F % _
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Figure 3.2: Magnetic phase diagrams of R,TXgand RTX; compounds in magnetic
field applied along the tetragonal c-axis: HopRhIng (a) shows aside from the anti-
ferromagnetic phase AF1 and field-induced phase AF2 also zero-field incommen-
surate phase AF3 [56] 57]. The phase diagram of Nd,RhlIng (b), ref. [58], typical
for RoRhlng series resembles that of NdRhInj (¢) and other RRhIns compounds
in [50], whereas it differs from the phase diagram proposed for Ho,CoGag (d) from
R,CoGag series [54], where the region of the field-induced phase reaches down to
the temperature axis. Captions and axis descriptions were modified.

3.2 RPd;Al, compounds

RPd5Al, compounds have aroused an interest of scientific community after the
discovery of a paramagnetic unconventional heavy-fermion superconductor
NpPdsAl, (T. = 4.9 K, v = 200 mJ mol~" K~2) by Aoki et al. in 2007 [4] and a
Kondo lattice antiferromagnet CePdsAl, [5] followed by reporting of a pressure-
induced superconductivity in this compound [6]. These findings motivated further
investigations of mentioned materials [59-H61], revealing i. a. complicated mag-
netic phase diagram [62] and sinusoidally modulated magnetic structure [63] of
CePd;5Al,y, as well as studies of analogous compounds also crystallizing in the
tetragonal ZrNipsAls-type structure (space group I4/mmm).

UPd5Al, reported in 2008 [64] exhibit paramagnetic Curie-Weiss behaviour
and saturation of the susceptibility in low temperatures due to the non-magnetic
ground state. Griveau and his co-workers succeeded in a preparation of PuPd5Al,
which was found to be antiferromagnetic with Ty = 5.6 K but does not present
a superconductivity [65].
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Ribeiro et al. reported a number of rare-earth based materials RPds;Al,y
(R =Y, Ce, Pr, Nd, Sm, Gd) [66]. Most of them (R = Ce, Nd, Sm, Gd)
order magnetically, namely NdPd;Al, shows anomaly in the heat capacity due
to an antiferromagnetic transition at 1.2 K. PrPdsAl,, studied also by Nakano et
al. [27], is a paramagnet with a singlet ground state showing saturation of the
low-temperature susceptibility similarly to UPd;Aly. YbPdsAly, originally pre-
sented by Hirose et al. [67], is presumably an antiferromagnet with the ordering
temperature only 0.19 K. Another actinide compound AmPd;Al, [6§] does not
show any hints for magnetic ordering nor superconductivity down to 2 K.

Recently, a paper by Benndorf and his colleagues has been published to com-
plete a family of the RPds;Al, rare-earth compounds with until then missing
members (R = Th-Tm) [69], so the whole range of analogous 4 f-compounds
from Ce to Yb (except for Eu) and the non-magnetic analogues YPds;Al, and
LuPdsAl, exist |6, 70]. The new RPtsAl, (R =Y, Gd-Tm, Lu) samples were
prepared as well [69].

Information about mentioned RPdsAl, compounds is summarized in the
[ble 3.1

Whereas previous studies of rare-earth isostructural RPdsAly homologues [66),
69] deal mainly with polycrystals, in this work we aim also to measurements on a
single crystalline sample which is desired for a proper investigation of anisotropic
physical properties. Details about its preparation together with the preparation
of polycrystals for neutron scattering experiments are presented in the following
section.

R = ordering | Ty (K) | form additional notes refs.

Ce AF 2.9, 4.1 | single | pressure-ind. SC, easy c-axis | [5[6][61+63]
Pr P - single | singlet CF g.s., easy c-axis [27] 166
Nd AF 1.3 | single easy c-axis [66] 71
Sm AF 1.7 poly isotropic 166/

Gd - 6.0 poly isotropic [66]

Th AF 9.8 poly - [69]

Dy AF 3.7 poly - [69]

Ho | Pto25K - poly - [69]

Er | Pto25K - poly - [69]
Tm | Pto25K - poly - [69:

Yb AF 0.19 | single easy a-axis [67)169]

U P - single non-mag. g. s. [64]

Np P - single | heavy-fermion SC, easy a-axis | |4, |59} 60| |64
Pu AF 5.6 poly - 165
Am | Pto2K - single non-mag. g. s. |68

Table 3.1: Overview of RPd5Al, compounds: Type of ordering (AF for antiferro-
magnetic, P for paramagnetic), crystalline form of a reported compound (single-
or polycrystalline) and additional notes about the magnetocrystalline anisotropy
and the ground state (g. s.) are presented.
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4. Results and discussion

4.1 Sample preparation

Single crystalline samples of NdPdsAl, have been prepared by the Czochral-
ski method in a tri-arc furnace. Pure metals (Nd: 99.5 % , Pd: 99.995 %,
Al: 99.9999 %) were used as a starting material. In case of Nd, the initial purity
was further enhanced by solid state electrotransport (SSE). Ingot (rod) of Nd was
heated up close to the melting temperature (=~ 1200 K for Nd) by electrical cur-
rents (= 120 A) and kept there for 3 to 5 weeks for purification. A stoichiometric
mixture of all constituent elements with total mass of 8 g was firstly melted into
a button under a protective argon atmosphere and flipped and remelted several
times for better homogenization. The rod was then pulled out of the melt at a
translation speed of 4 mm/h using tungsten as a virtual seed. The resultant ingot
consisted of elongated plate-like stacked grains with crystallographic ¢ direction
perpendicular to the ingot. Individual crystals used for the measurement were
separated from the ingot with a fine wire saw and polished. Most of the bulk
measurements were performed on the same piece of the single crystalline sample
with dimensions approximately 2.3 x 1.3 x 0.3 mm? weighing 6.4 mg. From this
crystal a small fragment with the mass of ~1.5 mg was later separated which
was used for the magnetization measurement using a Hall probe. Resistivity
and specific heat in the field applied perpendicular to the tetragonal c-axis were
measured using a different samples with masses 1.62 mg, respectively 5.52 mg.

In order to prepare polycrystalline samples for neutron scattering experiments,
standard arc melting technique was employed likewise as in the preparation of
the button for the Czochralski growth.

To verify homogeneity of the samples, electron-probe microanalysis was per-
formed on the Mira Tescan scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray detector (EDX). In case of single crystals, no secondary
phase was found. Polycrystalline samples contained except the primary phase
attributed to the NdPdsAl, also traces of the Pd-Al binary phase or Al-depleted
ternary phase. Pieces of polycrystals were further powderized to perform pow-
der X-ray diffraction (XRD) on Bruker D8 diffractometer. XRD measurements
implied that our samples were from the vast majority composed of the desired
phase and no additional peaks were observable in the XRD patterns beside those
corresponding to the NdPds;Al, and I4/mmm space group, see and
[Table 4.1b. Structural parameters were refined with Fullprof software [72] and are
given in the [Table 4.Ta. Quality of the single crystals as well as their orientation
was checked by the back-reflection Laue method, see [Figure 4.2]

In order to be able to subtract lattice specific heat of NdPdsAl,, we have
prepared polycrystalline samples of a non-magnetic LuPdsAl, compound. Specific
heat data of the non-magnetic YPd5Al, analogue from [70] were also available.
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(a) Structural parameters of NdPdsAly (b) Results of EDX analysis

Space group: a= 4.147(2) A Atomic concentration [%)]
I4/mmm (139) ¢ =14.865(6) A

T Yy z #1 #2 ideal 1:5:2
Nd 0 0 0 Nd 10.3£0.6 0.3+0.1 12.5
PA(1) 0 0 1/2 Pd 64.842.8 63.043.4 625
Pd (2) 0 1/2 0.146(1) Al 249404 36.7+0.7 25.0
Al 0 0  0.241(3)

Table 4.1: (a) Structural parameters of NdPdsAls refined by the Rietveld method using Fullprof
software (See . (b) Typical composition of the polycrystalline sample as determined
by the EDX microanalysis: #1 indicates primary phase and #2 the impurity phase (see the
inset of . Uncertainties were evaluated by the Esprit software as standard deviations
from fitting of the EDX spectra.
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Figure 4.1: Representative powder XRD pattern measured of one of the polycrystalline samples.

Red points represent experimental data, black curve fit to the proposed model and blue curve the

difference between them. Refined structural parameters are given in the [Table 4.1h. Inset shows

polished surface of the polycrystalline sample obtained by the SEM imaging in the secondary
electron contrast. Composition of the indicated points is given in the [Table 4.1p.

Figure 4.2: Lauegram of NdPdsAl, single crystal used for the majority of bulk measurements
(left) and the same figure complemented by simulated pattern for an appropriate structure
(right).
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4.2 Susceptibility and magnetization

Temperature dependence of magnetic susceptibility is presented in the [Figure 4.3
The data were collected in the field of 1 T applied along [100], [110] and [001]
directions and in the temperature range from 300 K to 2 K, where the compound
is in the paramagnetic state. At temperatures above 100 K the H/M vs. T
dependences show linear Curie-Weiss-like behaviour for all three field directions.
Whereas this more or less holds for the susceptibility in the field applied along
the tetragonal c-axis, which is the easy direction of magnetization, also down to
the low temperatures, dependences for the field applied within the basal plane (i.
e. for H || [100] and H || [110]) show a noticeable kink below 50 K due to the
crystal-field effects which will be further discussed in [Section 4.6, The fit to the
Curie-Weiss law in the region 50-300 K leads to the paramagnetic Curie-Weiss
temperature 6, = 8.6 K and the effective magnetic moment p.q = 3.62 pp for
H || [001], respectively @, = —27.1 K and pey = 3.71 pup for H || [100] and
6, = —28.0 K and pier = 3.68 pup for H || [110]. Values of the g are close to
the Nd3* free-ion moment. Results of the Curie-Weiss analysis are synoptically

summarized in the [Table 4.3
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Figure 4.3: The temperature dependence of the magnetic susceptibility in the field
of 1 T applied along [100], [110] and [001] directions. Solid lines represent fit by the
Curie-Weiss law. Please note different scales on the left y-axis.

H || [100] H | [110] H || [001]

e (up)  3.71 3.68 3.62
6, (K) -27.1 28.0 8.6

Table 4.3: Effective magnetic moments pp and Curie-Weiss paramagnetic temperatures
O, obtained from the fit by the Curie-Weiss law.
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Field dependences of magnetization in the paramagnetic state (Fig. 4.4)) were
measured for A || [100], H || [110] and H || [001] and at 2 K and 10 K. In the range
from 0 to 7 T all curves exhibit a linear dependence with exception of H || [001]
at 2 K which saturates at &~ 2.3 ug/Nd above 4 T. The data indicate c—axis
as the easy axis of magnetization and corroborates that there is no substantial
anisotropy in the basal plane, correspondingly to our results from M/H vs. T
data.
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Figure 4.4: Magnetic isotherms in the paramagnetic state for two different temperatures
and field applied along the significant crystallographic directions.

Figure 4.5[shows M vs. H dependence for H || [001] measured using the Hall
probes. The ordered-state magnetization (7' < 1.3 K) shows a rapid increase
of the magnetization around 1.25 T in the 0.3 K data which further shifts to
the lower fields with increasing temperature. This feature corresponds to the
anomaly observed in the specific heat data and can be attributed to the magnetic
transition from antiferromagnetic phase 1 to the phase 2 as will be discussed
below.
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Figure 4.5: Magnetic isotherms in the ordered state and paramagnetic state measured
employing the Hall probes. The absolute values were calculated using the reference
measurement at 2 K. The solid line represents derivative of the 0.3 K curve. The
data are shown only up to 1.8 T since in higher fields the method introduces varying
background which is not easy to eliminate completely.

4.3 Specific heat and magnetic phase diagram

The low-temperature evolution of specific heat in the magnetic fields applied
along [001] direction is presented in the [Figure 4.6] It shows a well pronounced
anomaly which is related to magnetic order below Ty = 1.3(1) K, in agreement
with previous results [66].

The anomaly in the C,/T vs. T plot shifts to lower temperatures with in-
creasing field suggesting the antiferromagnetic ordering. The 0.94 T dependence
reveals additionally another transition at approx. 1.2 K alongside the first one
at 0.9 K. This transition is observed only as rather weak anomaly, but becomes
more pronounced in higher fields where it also shifts to lower temperatures (see
inset of . The 1.08 T dependence still features both transitions, while
in higher fields only the transition at higher temperature is observable in our
specific heat data.

Figure 4.7 presents C,,/T vs. T in magnetic fields applied perpendicular to
the [001] direction. In contrast with heat capacity for H || [001], specific heat for
H 1 ]001] is not significantly influenced by low magnetic fields (e. g. 0.5 T). The
antiferromagnetic ordering still survives in the field of 3 T, while in 5 T, we already
observe C,/T vs. T behaviour which reflects the field-induced ferromagnetic
state.
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Figure 4.6: Low-temperature specific heat of NdPdsAly plotted as Cp /T vs. T. Mea-
surements were performed in magnetic fields applied along the tetragonal c-axis using
dual-slope curve analysis. The inset depicts a detail of the Cp,(T") dependence in the
region where another transition appears.
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Figure 4.7: Low-temperature specific heat (plotted as Cp,/T" vs. T') in magnetic fields

applied perpendicular to the tetragonal c-axis. Data were collected using standard
time-relaxation technique.
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Besides the C,(T'), we have also measured the dependence of the heat capacity
on magnetic field in the ordered state. Results for the measurement at 0.8 K are
presented in the [Figure 4.8h. The data clearly demonstrate the occurrence of the
two phase transitions located around 1 and 3 T and resemble C,,(H) dependences
measured for e. g. NdoRhIng [73]. the field-induced ferromagnetic state.

In addition, we also present the magnetoresistivity measured above and below
TN ) The ordered-state data apparently differ from the paramag-
netic ones by the hump between 1 and 3 T. Nevertheless, the transitions are not
so pronounced in the case of magnetoresistivity as in the heat capacity data and
were not used to construct the magnetic phase diagram. We note that weak mag-
netoresistivity effect was found also in related NdyRhIng compound [58]. Temper-
ature dependence of resistivity in zero field (inset of [Figure 4.8p) shows similar
behaviour around the transition temperature as in previously studied Nds7'ng
and NdT'Ins compounds [55].
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Figure 4.8: Specific heat as a function of magnetic field (a). Magnetoresistivity (b)
expressed as the Ap/pg ratio where Ap = p(H,T) — pg and pg is the resistivity in zero
field. The inset of the lower figure shows the resistivity around the phase transition.
Solid line represents smoothing spline interpolation of the data and is just a guide for
an eye.

The magnetic phase diagram represented in the [Figure 4.9 summarizes our
findings from low-temperature C, and M (H ) measurements in field applied along

the c-axis (Sections 4.2] and . It features two different magnetic phases - the

lower-field phase 1 which is supposed to be antiferromagnetic and another field-
induced magnetic phase 2.
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Figure 4.9: The magnetic phase diagram of NdPdsAl; based on the C,(T') (full squares),
Cp(H) (empty squares) and M(H) (empty diamonds) measurements in field applied
along the c-axis. The error bars were estimated from the width of the anomalies in
the case of Cp(T') and M(H) data and and from the step between datapoints in the
Cp(H) data. The lines connecting points in the graph are just a guide for an eye. The
insets show temperature vs. time dependences during the heating pulse in the field of
0 and 1.23 T demonstrating different order of the two phase transitions. The dotted

line serves as a tentative phase border as discussed in [Section 4.7

The insets in the display time dependences of the sample’s temper-
ature during the constant heating pulse and following relaxation. Their shape is
clearly different when measured below 0.5 T and above 1.1 T. Whereas the low-
field curves exhibit plateaus around Ty due to the latent heat involved indicating
the first-order phase transition, the curves above 1.1 T show behaviour typical
for the second-order phase transition; in the region from approx. 0.5 T to 1.1 T
curves gradually change their character from the former type to the latter.

4.4 Magnetic specific heat

presents magnetic specific heat of NdPd;Al,. To evaluate this mag-
netic contribution, we have subtracted specific heat of analogous non-magnetic
LuPd;Al, and YPdsAl, [70] compounds from the total specific heat of the Nd-
PdsAly: Chag(NdPd5ALy) = C(NdPd5Aly) — C(non-mag.). As can be deduced
from [Fig. 4.10p, these compounds are not good non-magnetic analogues for Nd-
PdsAl, since they both seemingly undervalue phonon contribution to the heat
capacity of NdPdsAl, leading to the magnetic entropy which exceeds the possible
high-temperature limit.
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Figure 4.10: (a) Magnetic specific heat of NdPd5Al, obtained by subtracting lattice spe-
cific heat of various non-magnetic analogues, i. . Cpag(NdPdsAly) = C(NdPdsAly) —
C(non-mag.). Error bars were estimated assuming 1 % error of initial values. (b) Cor-
responding magnetic entropy of NdPdsAly. Detail shows a zoomed low-temperature
region.

The probably much more convenient analogue LaPdsAl, presumably does not
form, we have therefore tried to approximate its lattice specific heat by simple
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relation (being aware of its limited validity) as

Cp (LaQRhIHB)

Cp("LaPd;Aly") = Cp(YPd5Al2)m’
p

(4.1)

where we employed available specific heat data of non-magnetic RyRhlng com-
pounds [37]. Estimated magnetic specific heat of NdPdsAl, using this analogue
results into somewhat more reasonable value of magnetic entropy at high tem-
peratures, i. e. closer to RIn10 (Fig. 4.10p). As can be seen in the inset of the
figure, the entropy at low temperatures reaches R1In 2 close above Ty, indicating
the doublet ground state.

Figure 4.11| shows the low-temperature magnetic heat capacity of NdPd5Al,
(using yttrium analogue) replotted as Chag/T vs. T2, Since the lattice contribu-
tion to the specific heat of NdPdsAlj is negligible in comparison with the magnetic
specific heat in the presented temperature region, the choice of the non-magnetic
analogue does not play an important role here (see the inset the ) The
data in the ordered state have been fitted by the expected specific heat depen-
dences for magnetic excitations (including a gap in the magnon spectrum).
However, we are not able to unambiguously determine whether the compound
exhibits 3D or 2D antiferromagnetic magnons mainly due to the very limited fit-
ting range, in which the experimental data can be reasonably described by both
dependences as presented in the [Figure 4.11]
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Figure 4.11: Low-temperature magnetic specific heat replotted as Ciag /T vs. T2. Data
were evaluated using standard time-relaxation method. The thick lines represents fits of
the data by the expected dependences given by the for antiferromagnetic
excitations. The resulting parameters obtained by the fitting in the temperature range
0.5-1.1 K are @ = 17.10 J mol™' K=* and A = 1.55 K for the 3D AFM magnons,
respectively a = 44.27 J mol™! K=3 and A = 2.49 K for the 2D AFM magnons.
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4.5 Neutron diffraction

4.5.1 Magnetic structure

In order to determine the ground-state magnetic structure of NdPdsAl,, the ex-
periment of powder neutron diffraction was performed on the E6 diffractometer
at the Helmholtz Centre Berlin using the neutron Wavelengt 2.414 A. A poly-
crystalline sample (same as for the INS experiment) with the total mass of 4.3 g
was used. Since the experiment required very low temperatures down to 0.4 K,
a cylindrical copper sample container was employed instead of a more common
vanadium one. In addition to that, the powderized sample was mixed with the
deuterized ethanol/methanol solution to assure proper thermalisation.

After installing the sample we have at first collected data well in the para-
magnetic state, namely at 5.5 K. In total, we have measured 12 approximate-
ly one-hour full-range scans at higher resolution which were then summed up.
Figure 4.12] shows the resulting pattern including structure refinement in the
I4/mmm space group leading to lattice parameters a = 4.097 Aande=14.751 A
and Bragg R-factor 20.9%. The original data contained additionally two peaks

8F o exp. data 016} 3 % }
I fit s I x
—— diff. 2r 2 % 6
6 |2 qL J’l» .
Ir=55K = Poo
¢
b o©

Intensity (a. u.)

20 (deg.)

Figure 4.12: Refined neutron diffraction pattern taken in the paramagnetic state at
5.5 K. The inset shows original data with the peaks which were excluded from the
fitting (X). Further details in the text.

coming from the holder at positions 20 ~ 71° and 20 ~ 84° which pertain to
reflections (111), respectively (200) of copper (two strongest peaks in the inset
of . Apart from that, we have also observed peaks at positions ap-
proximately 62°, 75° and 116° which cannot be attributed to NdPdsAl, and were
not detected in the room-temperature XRD measurements. These peaks were

*Since the measurement of the standard sample was not carried out before the experiment
and settings of the monochromator was changed during the measurement, we have evaluated
the neutron wavelength from the position of diffraction (200) of the copper holder.

35



present both in the paramagnetic data at 5.5 K and in ordered-state pattern at
0.4 K, their magnitudes do not change registerably between these two tempera-
tures and their intensities are comparable with the intensities belonging to the
primary phase even at relatively high angles. From that we can infer that these
diffractions are presumably nuclear peaks which could be ascribed to a so-far un-
specified foreign phase. To disprove/confirm that this phase is really intrinsic to
the sample and to reveal eventually its precise character low-temperature XRD
would be desirable. However, there were no indications in our bulk measurements
on a single crystalline sample which would speak in favour of existence or forming
of such a phase. Consequently, we have excluded due to these additional peaks
corresponding 260-regions from the original diffraction patterns. Besides, the data
contained a broad hump around 26 ~ 40° attributed to the mentioned amorphous
ethanol/methanol mixture which was treated as a background.

presents the ordered-state diffraction pattern measured at 0.4 K
with the same statistics as the 5.5 K data. By comparison with the paramagnet-
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Figure 4.13: Neutron diffraction pattern taken in the antiferromagnetic state and zero
external magnetic field including refinement. The inset depicts the detail of strongest
magnetic peaks in the low-angle region.

ic pattern we were able to identify a signal of the magnetic origin, especially we
have observed several strong magnetic reflections at low angles (inset of .
Having known the crystal structure given by nuclear peaks already, we have used
positions of these magnetic peaks as the input for the kSearch utility (part of
the Fullprof Suite). The program has determined k = (300) as the most plau-
sible propagation vector. Moreover, representational analysis using SARAh and
BaslIreps software was employed to reveal possible basis vectors consistent with
this propagation vector, space group I4/mmm and Nd at the Wyckoff position
2a lying along one of the crystallographic axes. Supposing k = (%OO) and the
basis vector parallel to the crystallographic x or y axes, we were not able to
qualitatively well reproduce all magnetic peaks. In contrast, the interpretation

36



of the data was successful assuming k = (%OO) and basis vector aligned to the
direction of the tetragonal c-axis resulting into the magnetic R-factor 29.4 % and
magnetic moments with the magnitude of 2.22 pg which corresponds well to the
magnetization data and . Enhanced value of the magnetic R-factor
is due to the relatively low intensity of magnetic reflections. Nevertheless, the
calculation well reproduce the experimental data as can be seen in [Fig. 4.13
The lower magnetic moment here (in comparison with the free-ion value 3.27 ug)
reflects the effect of CF.

In general, there is also a possibility that more than one propagation vector is
involved in description of magnetic structure, e. g. it may simultaneously contain
several vectors from so-called star of the propagation vector (set of propagation
vectors arising from a given k by applying operations of rotational symmetry of
the space group) . But in our case no such option is applicable to explain
reasonably our data.

To conclude: NdPd;Al, is presumably a collinear antiferromagnet character-
ized by the propagation vector k = (300) with magnetic moments oriented along
the tetragonal c-axis. The proposed magnetic structure is depicted in [Fig. 4.14]

Figure 4.14: Magnetic structure of NdPdsAl, with all atoms (left) and magnetic Nd
atoms only (right).
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4.5.2 Critical behaviour

To follow the temperature development of magnetic intensities and to assess the
critical behaviour of NdPdsAl,, we have, apart from previously mentioned mea-
surements, taken also several diffraction patterns with lower statistics in the lim-
ited angular range and at temperatures from 0.4 K to 1.4 K. The paramagnetic
pattern obtained at 5 K was then used for subtraction of the non-magnetic signal,
resulting data for diffractions (300) and (301) are shown in the . Ex-
pectedly, magnitudes of magnetic reflections gradually decrease with increasing
temperature, more abruptly above ca. 1 K. presents temperature
of their intensities from 0.4 K to 1.35 Km Fitting of this dependence to the pow-
er law I o« (Txy — T)% leads to the Ty = 1.37(2) K for (300) diffraction and
Ty = 1.32(2) K for (301) diffraction and critical exponents § = 0.10(2) for (300)
and 8 = 0.09(2) for (301) diffraction, respectively. Varying of the lower bound
of the fitting range in the interval from 0.4 K up to ~ 0.9 K does not change
these parameters significantly. Resulting Neél temperatures are consistent with
Tn = 1.3(1) K as determined from the specific heat. Obtained critical exponents
are substantially lower than corresponding values theoretically predicted (|37] and
refs. therein) by the mean-field theory (3 = 1), for Heisenberg (3 = 0.367), X-Y
(8 = 0.345) or Ising 3D model (5 = 0.313). They are rather closer to the value
for the Ising 2D model where § = %.
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Figure 4.15: (a) Temperature dependence of magnetic reflections (300) and (301). Full
lines represent fits by the Gaussian function. (b) Integrated intensities as resulting from
the Gaussian fit normalized to the intensity of magnetic reflection ( %00) at 0.4 K. Full
line represents fit to I oc (T — T')?# leading to the T\ = 1.37(2) K and 8 = 0.10(2) for
(300) reflection, respectively Ti = 1.32(2) K and 28 = 0.9(2) for (101) reflection.

"We note that we have registered some intensity of the magnetic origin in the vicinity of the
diffractions (300) and (101) also at 1.4 K., but this signal had rather a form of broad feature
than of distinct well-resolved peaks so we did not consider it for further analysis.
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4.6 Crystal-field analysis

In order to inspect the influence of the CF on properties of NdPdsAl, and even-
tually evaluate CF parameters which determine CF states and energies we have
employed following three different approaches: Fitting of experimental M/H vs.
T data based on relation (({1.26]) is a significant extension of standard Curie-Weiss
analysis and it might be seen as an indirect method of determination of CF pa-
rameters since susceptibility comprises averaged information about CF states and
energies. It can be utilized using data obtained by measurements on relatively
small single crystalline samples (i. e. in order of ~ 1 mg). On the contrary, anal-
ysis of the CF by INS allows to exactly determine CF energy levels. However,
a relatively large amount of the sample is required and in case of polycrystalline
powder and unpolarized neutrons averaging of matrix elements of the angular
momentum still applies instead of detecting appropriate matrix elements
between particular states directly. Theoretical approach complements these two
methods enabling computation of CF parameters with help of up-to-date first-
principles techniques.

One of the major disadvantages in determination of CF parameters is, that
complete set of these parameters cannot be reasonably estimated in advance by
e. g. using a known set of CF parameters for a different isostructural rare-earth
compound. We therefore further compare outcomes of these methods applied on
NdPdsAl,, discuss qualitatively some aspects of the CF in this compound and
confront them with our magnetization and specific heat measurements to asses
their reliability.

4.6.1 Susceptibility fitting and ab-initio calculations

To evaluate CF parameters of from experimental susceptibility data a self-assembled
Matlab code was employed. This program operates with Stevens operators and
computes eigenvalues and eigenstates of the CF Hamiltonian. At first, we have
produced a routine which calculates susceptibility according relations and
using CF parameters and eventually the molecular field constant \; and a
temperature-independent term x} as the input. Fitting script utilizing lsqnonlin
solver [74] then enables to solve inverse problem and extract these parameters
from experimental data. It uses least-squares minimization and fits two experi-
mental dependencies for H || [001] and H L [001] simultaneously to obtain one
set of CF parameters.

First-principles calculations of CF parameters were performed by doc. Martin
Divis using the same method of computation as in [75]. Within this method,
the electronic structure and corresponding distributions of ground-state charge
density are obtained using the full potential augmented plane waves plus local
orbitals. The CF parameters then originate from the aspherical part of the total
singe-ion potential in the crystal. For more details and description of the method
refer to [76].

The resulting susceptibility fit for NdPdsAl, is presented in [Fig. 4.16] As can
be seen it reproduces well experimental M/H vs. T data for both directions
of the field in the whole temperature range 2-300 K. Parameters of the fit and
resulting energies and wavefunctions corresponding to the 5 Kramers doublets
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of Nd*F ion in the tetragonal CF are summarized in the [Table 4.4 Observed
anisotropy of the susceptibility is predominantly caused by the CF effects, molec-
ular field (represented by parameters \; for particular directions) introduces only
a small shift of the reciprocal susceptibility. Obtained values of x} were within
the numerical precision of the fit equal to zero. Resulting value of the param-
eter BY = —0.557 K is significantly lower than that which might be estimat-
ed from paramagnetic Curie-Weiss temperatures using [Eq. (1.35)]
i. e. BY~ —1.2-1.3 K. This might suggest that anisotropic properties of Nd-
PdsAl, are influenced by higher-order CF parameters since the relation ([1.35|)
assumes the only lowest-rank approximation [10]. A kink observed in the de-
pendence for H || [100] around ca. 30 K might be with respect to obtained
results associated to the energy position and properties of the first excited dou-
blet |¢m) £ 0.586 |£5/2) F 0.81 |F3/2) as this gets thermally ocuppied, since this
state leads to | (¢n| J, [¢n) |> = 0.45 | whereas | (¢1] J, [¢1) |* = 0 for the ground
state [¢r) = 0.895|4+9/2) — 0.431 |£1/2) +0.11|F7/2) .

CF parameters

By (K) By (K) Bi(K) B (K) Bg(K) X (mol/m?) oy
-0.557 -0.041  0.261 -0.0009 0.0011 Ao = —1.36 x 10° X([)wo] ~0
Aoy = —2.24 x 105 X([)OUI] ~0

Energies and wave functions

E (K) 9/2) [7/2) /2y 13/2)  [1/2) 1=1/2) [=3/2) |=5/2) [=7/2) |=9/2)

259.8 0.067 0 0 0 0.375 0 0 0 0.925 0
259.8 0 0.925 0 0 0 0.375 0 0 0 0.067
180.9 0 0 -0.81 0 0 0 -0.586 0 0 0
180.9 0 0 0 -0.586 0 0 0 -0.81 0 0
100.4 -0.44 0 0 0 -0.821 0 0 0 0.365 0
100.4 0 -0.365 0 0 0 0.821 0 0 0 0.44
40.5 0 0 0.586 0 0 0 -0.81 0 0 0
40.5 0 0 0 0.81 0 0 0 -0.586 0 0

0 0 0.11 0 0 0 -0.431 0 0 0 0.895

0 0.895 0 0 0 -0.431 0 0 0 0.11 0

Table 4.4: CF parameters, energy levels and corresponding wave functions for NdPdsAl,

as resulting from the susceptibility fit (see |[Fig. 4.16)).

CF parameters and energies for NdPdsAl, obtained by first-principles calcu-
lations are shown and compared to the output of the susceptibility fitting in the
[Table 4.5l As can be seen in the [Fig. 4.16] calculated susceptibility using these
parameters corresponds qualitatively with the experimental data showing a neg-
ative value of the parameter B < 0 (similarly as the susceptibility fit) which
is consistent with the [001] direction as the easy axis of magnetization. Howev-
er, deviation from the experimental data is recognizable especially for H || [100]
(hard axis of magnetization) at low temperatures below ~ 50 K. This is seemingly
a reflection of the fact that presented set of the first-principles CF parameters
estimate energy of the first excited doublet as 14.5 K which is much lower than
its real position as will be shown in discussing the INS experiment.
Both methods of determination of the CF parameters indicate the ground-state
doublet consisting primarily from the |£9/2) wave functions leading to slightly
different moments g(.J,) = 2.66 up for the parameters from the susceptibility fit
and ¢(J,) = 2.49 pup for the parameters from the first principles, respectively,
which is reduced with respect to the free-ion saturated moment 3.27ug. We have

40



thus confronted these sets of CF parameters also with the experimental M (H)
data measured at 2 K and calculated magnetization using relation and
diagonalization of the Hamiltonian in field. The comparison is pre-
sented in the inset of the[Fig. 4.16] As can be seen, these calculated curves follow
the experimental data for H || [100]. Nevertheless, they both exceed the M (H)
for H || [001] and result into a high-field values of magnetization higher than
experimental ~ 2.3up in 7 T.

CF parameters (K)

BY B B! BY B!
susc. fit -0.557  -0.041 0.261 -0.0009 0.0011
first princ.  -1.03 0.0064 -0.0028 -0.0005 0.0115

Energies (K) (doublets)

susc. fit 0 40.5 100.4 180.9  259.8
first princ. 0 14.5 82.5 1224  180.6
Ground states:
|1/)f“sc'ﬁt> = 0.895[+9/2) — 0.431|£1/2) + 0.11|F7/2)
]w{imtp') = —0.860]+9/2) +0.502|£1/2) — 0.09 |F7/2)

Table 4.5: Comparison of the CF parameters, energies and ground states as obtained
by susceptibility fitting and first-principles calculations.
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Figure 4.16: Fit of the experimental M/H vs. T data to relation compared to the
susceptibility calculated from the first-principles CF parameters . The inset
presents experimental M (H) data and calculated magnetization without molecular field
contribution as resulting from the CF parameters obtained by susceptibility fitting and
from first principles.
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4.6.2 Inelastic neutron scattering

To investigate CF excitations in NdPdzAl, thoroughly, the INS experiment has
been undertaken at the ILL Grenoble employing IN4C time-of-flight spectrometer
(see . For the measurement we have used powderized polycrystalline
sample of the total mass of 12.3 g which was wrapped into aluminium foil. Since
the *Ig /2 ground state of Nd?** ion splits into 5 Kramers doublets in the tetragonal
CF, we expected to observe in INS spectra four transitions from the CF ground
state to excited states at lowest temperatures alongside other transitions between
excited states which appear as these states get thermally populated. For clarity,
we will refer to these doublets with Greek numbers I, II, ..., V from the lowest
lying to the highest and to transitions between them as I—II etc. In order to
identify these transitions unambiguously and to be able to reconstruct CF energy-
level scheme completely, we have carried out measurements of the INS spectra
at various different temperatures (in the paramagnetic state) and at several in-
cident neutron energies. Generally, higher incident energies allow to cover wider
range of the CF excitation spectrum, but at the expense of lower energy resolu-
tion, so switching to lower incident energies is necessary to examine more subtle
details. Scattering function S(@Q, E') which is obtained in the INS experiment in-
volves inherently, besides non-dispersive CF excitations, also other contributions
to scattering, e. g. elastic Bragg peaks or a scattering from low-lying phonons
which emerge at higher temperatures typically at higher scattering angles as a
relatively broad dispersive signal. Since we were interested primarily in inelas-
tic scattering due to the CF which is of a magnetic origin and thus decreases
with increasing wavevector transfer as &~ f(Q)? and since we have not performed
measurements on a non-magnetic analogue for subtraction of the non-magnetic
signal, we have always summed S(Q, E') over lower scattering angles only up to
90° to prevent from involving phonons (let us remind that the full range of @
corresponds to scattering angles up to 120°). Resulting quantity is presented as
intensity (in arbitrary units) in the following.

shows scattering functions S(Q, E) at selected temperatures from
2 K to 80 K taken at the incident neutron energy E; = 28.9 meV. Corresponding
INS spectra are presented in the [Fig. 4.18] At the lowest measured tempera-
ture, namely at 2 K, we have observed a transition at 17.1 meV and another
broader peak around 8.5 meV. While magnitudes of these two peaks are gradual-
ly decreasing with increasing temperature, another two peaks arise at 14.1 meV
and ~ 5 meV developing rapidly between 10 K and 40 K. This suggests that
the former two peaks can presumably correspond to excitations from the ground
state, whereas the latter two might be related to transitions from the first excited
doublet as it gets thermally populated. In addition, we have observed intensities
at energy transfers ~5 meV and ~8.5 meV symmetrically also in the negative
(neutron-gain) part of the spectrum (see [Fig. 4.18) which is related to the pos-
itive part by the principle of detailed balance [77] and thus it carries similar
information.
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Figure 4.17: Scattering function S(Q, F) in logarithmic representation at several tem-
peratures and for incident neutron energy F; = 28.9 meV.
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Figure 4.18: INS spectrum taken at incident neutron energy E; = 28.9 meV. We refer
to the CF energy-level scheme (Fig. 4.21)) and to the discussion in the text for the
better understanding of indicated transitions.
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Figure 4.19: Scattering function S(Q, F) in logarithmic representation at several tem-

0.

Wavevector transfer (A1)

peratures and for incident neutron energy E; = 13.7 meV.
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Figure 4.20: INS spectrum taken at incident neutron energy E; = 13.7 meV and at

preey]

0.15

01

o

+
0.05

E =13.7 meV

_Ei ern meV/'\HI |
ﬁ%ﬁ%&wf

2.0 25

3.5

: 3.0 X 4.0
Energy transfer (meV)

II-111

I ! I
Temperature:
—— 2K
—— 10K
—— 15K
——20K
——40K
—+-80K

6 8

Energy transfer (meV)

various temperatures. Refer to for the CF energy-level scheme.
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We continued with measurement using £ = 13.7 meV at the same tempera-
ture range 2-80 K to explore further aspects of the CF. As can be seen in contour
graphs of S(Q, F) and associated INS spectra (Figs. 4.19| and [4.20)), it has been
revealed that each of the broad peaks appearing at ~8.5 meV and ~5 meV in
the previous measurement in fact consists of two peaks at 7.4 meV and 8.6 meV,
respectively at 4.4 meV and 5.6 meV. The argument about temperature develop-
ment from the previous paragraph remains still valid and thus peaks at 7.4 meV
and 8.6 meV might be attributed to CF excitations from the ground state doublet
and those at 4.4 meV and 5.6 meV from the first excited doublet to higher states.
Moreover, it might be noticed that energies 7.4 meV and 8.6 meV are shifted by
the factor of 3 meV (~ 35K) with respect to 4.4 meV and 5.6 meV pointing to
the position of the first excited doublet which would be in a good agreement with
its position as preliminary determined by the susceptibility fitting (i. e.~ 40 K).
Corresponding excitation from the ground state to the first excited state has been
really clearly observed at 3.0 meV when using F; = 7.26 meV as can be seen in
the inset of the [Fig. 4.20] although the peak is of a very small intensity.

By combining measurements with F; = 7.26 meV, E; = 13.7 meV and E; =
28.9 meV at 2 K we are consequently able to identify all excitations from the
ground state as presented in . They are located at 3.0 meV (I—II),
7.4 meV (I=III), 8.6 meV (I=IV) and 17.1 meV (I—-V). Consistently with this,
we also observed transitions [I—V at 14.1 meV , [I—IIT at 4.4 meV,
[I—IV at 5.6 meV and presumably III—V emerging around 9.7 meV .
This allows us to complete CF energy-level scheme of NdPdsAl, as presented in
Fig. 4.21] (right panel).
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Figure 4.21: INS spectrum at 2 K obtained by combining measurements at incident
7.26, 13.7 and 28.9 meV show all four transitions from the ground state (left). Right
panel shows CF energy-level scheme of NdPdsAl,. Trasitions from the ground state
(full lines), first and second excited state (dashed, respectively dotted lines) observable
in the INS spectra are indicated.
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4.6.3 Energy-level scheme and specific heat

To conclude our findings about the CF in NdPd;Al,, we compare the CF energies
directly measured in the INS experiment with those obtained by the susceptibil-
ity fitting and first-principles calculations , calculate corresponding
Schottky specific heat and discuss them with respect to the experimen-
tal magnetic specific heat. Although that CF energy-level schemes tentatively
determined by these two indirect methods do not correspond accurately to that
actually measured in the INS experiment, they also show some qualitative sim-
ilarities: The overall CF splitting evaluated by the first-principles calculations
~ 180 K is similar to the real splitting ~ 200 K, but it does not determine cor-
rectly energy of the first excited doublet leading to the Schottky specific heat
presenting 2 maxima contrary to the experimental data (see .

On the other hand, susceptibility fitting allowed us to correctly estimate the
energy of this first excited and also approximately (with ~ 10% accuracy) of the
second excited doublet, but the estimated position of higher states is seemingly
burdened with a substantial error and thus unreliable. Schottky anomaly result-
ing from the fit exhibits then a relatively broad maximum around
40 K, i. e. close to the extremal value of the Schottky contribution to the ex-
perimental magnetic specific heat. However, maximum of the Schottky specific
heat as resulting from energies determined by the INS lies at 25 K. Discrepan-
cy between this curve and experimental data might be ascribed to the manner
of necessary estimation of magnetic specific heat under the absence of a proper
non-magnetic analogue as was discussed in [Section 4.4 Since the INS scattering
is a direct method of determination of the CF levels, we put more emphasis on
credibility of Schottky specific heat calculated using energies obtained from this
experiment.

Let us note here that we also tried to directly analyse INS spectra to obtain
CF parameters which would reasonably describe both intensities of measured CF
transitions as well as observed CF energies and which would lead to a reasonable
interpretation of experimental magnetic specific heat and magnetization data.
We would be then not only able to compare this set of CF parameters with those
already available from susceptibility fitting and first-principles calculations, which
as we already know do not reproduce CF energies accurately, but also discuss the
nature of actual CF states in NdPdsAl, in detail. Having to face several serious
difficulties, e. g. that is possible to find several different sets of CF parameters
leading to the similar energies, our efforts in finding of such set of CF parameters
were so far fruitless.
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Figure 4.22: Comparison of the proposed CF energy-level schemes in NdPdzAl, as eval-
uated by the susceptibility fitting and first-principles calculations with the CF energies
measured in the INS experiment.
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Figure 4.23: Magnetic specific heat of NdPdzAl, evaluated using non-magnetic ana-
logues and Schottky contributions to the specific heat as resulting from CF energy

levels (Fig. 4.22|) obtained by three different methods.
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4.7 Discussion

We have investigated thoroughly the intermetallic NdPd;Al, compound by means
of bulk specific heat and magnetization measurements, neutron diffraction and
inelastic neutron scattering. NdPdsAl, crystallizes in the tetragonal ZrNisAls-
type structure (space group I4/mmm) with lattice parameters a = 4.147 A and
¢=14.865 A and orders magnetically below Ty = 1.3 K.

The magnetic phase diagram of NdPds;Al, has been constructed on
the basis of specific heat and M (H) measurements in the field applied along the
tetragonal c-axis. It features two distinct magnetically ordered phases. The zero-
field phase is a collinear antiferromagnet with the magnetic structure described
by the propagation vector k = (%OO) and magnetic moments oriented along the
[001] direction as was demonstrated by the neutron diffraction in [Section 4.5.1]
The transition to the another field-induced phase is accompanied, alongside the
anomaly in the specific heat and , with the rapid increase of mag-
netization (Fig. 4.5)). The existence of two magnetic phases resembles phase
diagrams of related RT'X; and RoTXs [50, |54, 56, 58, [78]. The shape of the
border between both phases is similar to that found in R,CoGag series [54], while
somewhat distinguishes from those published for RRhlns [50, 78] and RyRhIng
compounds [56|, 58], see The microscopic nature of both magnetic phas-
es has been thoroughly studied by neutron diffraction in the case of Ho,Rhlng
[57]. In both magnetic phases here, the rare-earth moments are oriented parallel
along the c-axis. The ground state magnetic structure of Ho,RhIng is a sim-
ple collinear antiferromagnet characterized by the propagation vector k = (%OO),
similarly to NdPdsAl,. The magnetic structure in the field-induced phase is then
a complex multi-£ structure described by four propagation vectors. The transi-
tion between both phases can be simply viewed also as flipping of one quarter
of the Ho magnetic moments which causes the total magnetization to be half of
the field-induced ferromagnetic state value [57]. In the case of NdPdsAl,, the
magnetization after the first transition reaches ~ 1.2 ug/Nd which is
roughly half of the saturated value presented in the [Figure 4.4] i.e. we observe the
same behaviour as reported for RoRhIng compounds including HosRhIng [56, |58].
Such similarity together with a closely related crystal structure indicates possibly
the same nature of the phase transition between the two magnetic phases also in
NdPd5Al.

Interestingly, analysis of the heating pulses (inset of revealed first-
order character of the transition from the paramagnetic to the antiferromagnetic
phase. First-order phase transition in zero field is rather unusual for transi-
tion between paramagnetic and magnetically ordered state and for the RyCoGag
compounds [54] exhibiting similar phase diagram has not been reported, but it
was observed in several cases, for instance by the antiferromagnetic compounds
UyRh3Si5 [79, [80] and EuSns [81]. Common feature of these two compounds is,
besides non-trivial ground-state magnetic structure, that both exhibit step-like
changes of lattice parameters at Ty. Another compound presenting first-order
phase transition between paramagnetic and antiferromagnetic state, Dy;Ru Al
[82, 83|, shows whilst only small orthorhombic distortion at Ty indicating pre-
sumably different driving mechanism behind the first-order phase transition than
the previous two. Regarding these results, an experiment following the develop-
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ment of the crystal lattice of NdPdsAl, across the Ty, e. g. thermal expansion
or low-temperature XRD, would be desirable to reveal more precise details about
nature of the transition in our case. Another tentative explanation of the be-
haviour observed by NdPds;Al, might be the fact that the phase 2 region in the
phase diagram reaches down to the zero field (dotted line in or due
to possible presence of some other magnetic phase existing only in a very narrow
temperature range as in the case of HooRhlng [57]. The first-order character of
the transition seen in low fields arises then from transition between this phase (or
phase 2) and phase 1.

In [Section 4.6] we presented our findings about the CF in NdPdsAl, compar-
ing results obtained by susceptibility fitting, INS and first-principles calculations.
Analysis of experimental susceptibilities for H || [001] and H L [001] measured
on a single crystalline sample is a common method of determination of CF pa-
rameters, e. g. |51, 54]. In other cases [84, 85|, CF parameters were obtained
from the INS and then confronted only with the polycrystalline susceptibility
data which comprise only averaged information about the magnetocrystalline
anisotropy caused by CF. Nevertheless, comprehensive cross-validation of the ob-
tained results is usually missing, mostly either due to the absence of proper single
crystals for anisotropic susceptibility measurements or due to the limited size of
often exclusively flux-grown samples for which the INS experiment is not reason-
ably feasible. As an exception to this, we may mention the work of Blanco [86].
However, even when using both INS and single-crystal susceptibilities for the CF
parameters refinement, the author was still able to find several distinct sets of
these parameters well-describing his data as he illustrated on the example of the
tetragonal HoAgs compound. This suggests that CF parameters, in particular
those of higher order and especially determined from susceptibility fitting only,
do not always have to be completely reliable and thus meaningfully interpretable.
Generally, the most powerful technique which could help to determine a unique
set of CF parameters in such cases unambigously would be INS employing po-
larization analysis and single crystalline samplesf| where the averaging
does not apply and matrix elements of particular components of the total angu-
lar momentum corresponding to transition between CF eigenstates are directly
observable [87].

In regard to compounds from the RPdsAl; series, CF parameters obtained
by susceptibility fitting have been reported for PrPdsAly [27] and CePdsAl,y 27,
61] compounds. CePd5A12ﬁ was subsequently studied also by means of INS [63]
revealing CF excitations at 21.3 meV (=247 K) and 22.4 meV (=260 K) and
somewhat different set of CF parameters from the previous two, the results are
compared in [Table 4.6,  As can be noticed in both sets of CF pa-
rameters reported by Nakano et al. [27] and Onimaru et al. [61] reproduce well
the susceptibility data whilst they lead to somewhat different energies of excited
CF states i. e. 230 K and 300 K, respectively 247 K and 260 K. Parameters
obtained by Inoue from the INS experiment lead reportedly reproduced experi-
mental susceptibilities sufficiently as well [63]. Not intending to speculate about
the source of discrepancies, we wanted to demonstrate possibilities and accuracy

twith already mentioned limitations given by sample size/technical possibilities of neutrons
$Let us note that determination of the CF parameters is in the case of Ce simplified by the
fact, that only 3 from 5 CF parameters for tetragonal symmetry apply.
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Table 4.6: CF parameters for CePdsAl, and corresponding energies as reported by
different authors.

author ref. method BY (K) B} (K) Bjf (K) E; (K) (doubtets)
Nakano et al. ~ [27]  susc. -12 -0.1 1.9 0 197 224
Onimaru et al. [61]  susc. -16.4 -0.071  1.56 0 230 300
Inoue et al. [63]  INS -13.28  -0.15 2.94 0 247 260
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Figure 4.24: Susceptibility of CePdsAls and fits (full lines) leading to the CF parameters
in(Table 4.6|as reported by (a) Nakano et al. [27] and (b) Onimaru et al. [61]. Discussion
in the text.

of susceptibility fitting as a technique of determination of CF parameters here.

In our case of NdPdsAl,, susceptibility analysis indicated parameters present-
ed in[Table 4.4 The obtained value of the leading CF parameter B = —0.557 K<
0 is consistent with the c-axis as the easy axis of magnetization presenting the
same type of anisotropy as CePd;Aly,. Expressing this parameter in terms of
CF parameters A" , whose values are more appropriate when comparing
CF effects on different rare-earth ions (since they do not involve ion-dependent
multiplicative coefficients) and assuming (r?) = 0.3120 A for Nd [24], we will
get AY ~ 280 K/A? which is lower than A9 ~ 600 — 800 K/A? resulting from
parameters By for CePdsAly as listed in the . For related NdRhlIns
compound, Hieu et. al. reported a value of the parameter By = —1.21 K [51].
This set of CF parameters for NdPds;Al, obtained from susceptibilities leads to 5
Kramers doublets at 0, 40, 100, 180 and 260 K. The subsequent INS experiment
presented in[Section 4.6.2 has shown CF excitations at 3.0 meV (%35 K), 7.4 meV
(=86 K), 8.6 meV (~100 K) and 17.1 meV (~198 K), for comparison of the CF
energy-level schemes see Although we were not able to reproduce the
CF energy-level scheme of NdPd;Al, from these parameters completely, we were,
within the precision of the method (with similar results as in the mentioned case
of CePdsAly), able to sketch some of its features, e. g. estimate the energy of
the first excited doublet and, with lower accuracy, approximate position of the
higher CF states which allowed us to produce a Schottky curve in reasonable
agreement with the experimental data . We suppose thus, that deter-
mination of the CF parameters from susceptibility fit as it was presented has,
despite mentioned disadvantages, its significance and it can be well-employed in
the CF analysis when complemented by other techniques.

50



5. Conclusion

We have investigated thoroughly the intermetallic NdPdsAl, compound by means
of bulk specific heat and magnetization measurements, neutron diffraction and
inelastic neutron scattering. NdPdsAl, crystallizes in the tetragonal ZrNipAls-
type structure (space group I4/mmm) with lattice parameters a = 4.147 A and
¢ =14.865 A. The compound orders magnetically below Ty = 1.3 K and presents
large magnetocrystalline anisotropy due to the crystal-field effects.

The magnetic phase diagram of NdPd;Al, has been constructed on the basis
of specific heat and M (H) measurements in the field applied along the tetragonal
c-axis. It features two distinct magnetically ordered phases - ground-state antifer-
romagnetic phase and another field-induced phase, similarly to related tetragonal
RT X5 and RyT' Xg compounds.

The nature of the zero-field antiferromagnetic phase has been studied in de-
tail by means of neutron diffraction. It has been established that the magnetic
structure is characterized by the commensurate propagation vector k = (%OO)
and magnetic moments are oriented parallel to the [001] direction with resulting
amplitude of magnetic moments 2.22 pg per Nd ion.

The analysis of the heating pulses has revealed the first-order character of
the phase transition from paramagnetic to antiferromagnetic phase in the zero
field due to the presence of latent heat. Such behaviour is rather unusual for the
phase transition from paramagnetic to magnetically ordered phase and for the
RyT X3 compounds exhibiting analogical magnetic phase diagrams [54] has not
been reported.

The tetragonal CF splits the 4192 ground state of Nd3* ions into 5 Kramers
doublets and influences fundamentally the magnetocrystalline anisotropy. To
investigate its effects in NdPdsAl,, we have employed following three different
techniques: susceptibility fitting, first-principles calculations and inelastic neu-
tron scattering. Susceptibility fit resulted into a set of CF parameters reproduc-
ing well the experimental data for both H || [001] and H || [100] and indicated
the value of the leading CF parameter B = —0.557 K which corresponds to
the tetragonal c-axis as the easy direction of magnetization. It allowed us to
correctly approximate the energy of the first excited CF doublet as 40 K and
estimate higher CF levels as 100, 180 and 260 K leading into Schottky specific
heat which was in qualitative agreement with the experimental magnetic specific
heat. On the contrary, while susceptibilities calculated from the first-principles
CF parameters followed approximately the experimental susceptibility data at
high temperatures, at low temperatures discrepancies were observable both in
susceptibility and Schottky specific heat due to the inaccurate position of the first
excited doublet. Subsequent INS experiment, which enables direct observation of
crystal field excitations, revealed their positions in NdPdsAl, at energies 35 K,
86 K, 100 K and 198 K. Disagreement from CF energy-level scheme proposed
using CF parameters determined by susceptibility fit was registered at higher
energies. This suggests that actual values of CF parameters for NdPdsAl, might
be different from those obtained by the susceptibility fit. Their precise evalua-
tion which would allow us coherent a interpretation of magnetization, magnetic
specific data as well as INS spectra will be the matter of future studies.
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