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tufe s extrémné prodlouzenou elementarni bunkou (a = 413A | ¢ = 32,84A)
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magnetickych poli (B < 0,5T) podél osy ¢ pozorujeme velké mnozstvi prechodu
v magnetizaci — podobné chovani je pozorované u tzv. ,,devil’s staircase“ systému
(napt. CeSh, CeCoGes). Magnetizace zustava viceméné konstantni v polich 1T
az 45T za aplikace pole podél osy ¢, ale je ve srovnani s hodnotou o¢ekavanou pro
volny Ce®" iont velice redukovana (0,3up/Ce). Pii aplikaci pole podél osy a po-
zorujeme chovani typické pro nesnadnou osu magnetizace u materialu s jednoosou
anisotropii. Vysledky prvnich neutronovych difrakénich experimentt neumoznily
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Abstract: This work reports on physical properties of a novel CeCog 715512285 com-
pound. The compound crystallizes in the I-4m2 space group structure with ex-
tremely elongated unit cell (a = 4.13A | ¢ = 32.84A) containing BaAl, structural
patterns. In zero magnetic field it orders antiferromagnetically at Ty = 10.0K.
Under application of magnetic field along the c-axis it manifests numerous mag-
netic transitions in small fields (B < 0.57T), resembling the so-called ‘devil’s stair-
case’ behaviour (e.g. CeSb, CeCoGe;). The magnetization is almost constant
from 1T up to 45T for H||c but considerably reduced (0.3up/Ce) with respect to
the free Ce®*" ion. For fields applied along the a-axis typical behaviour for a hard
axis in a material with uniaxial anisotropy is observed. The performed single
crystal neutron diffraction experiment did not allow complete determination of
magnetic structure.
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Introduction

Understanding of magnetism, superconductivity and the underlying physical me-
chanisms is one of the big goals of basic condensed matter physics research. Such
basic research might in the long-term bring applications like new magnetic me-
mories such as (in the past) the MRAM architectures based on Giant Magnetore-
sistance (GMR, The Nobel Prize in Physics 2007 [I]).

Cerium compounds are very suitable candidates for such basic research stud-
ies which try to explain the physics behind various phenomena related to mag-
netism and superconductivity. Being f-electron systems, they exhibit a vari-
ety of interesting properties such as valence fluctuations, spin orderings, heavy
fermions formation or anisotropic superconductivity. The competition between
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect
plays a crucial role in these compounds. While the RKKY enhances long-range
magnetic order — the f electrons are treated as localized with an indirect f-f inter-
action — the Kondo effect quenches the magnetic moments and leads to a heavy
fermion state [2].

Cerium systems also display a number of curious superconducting phenome-
na as, for example, reentrant superconductivity (Ce;_,La,Aly, [3,[4]), coexistence
of superconductivity and magnetism (Ce;_,Gd,Rus, [5]) or superconductivity in
heavy-fermion systems (CeCuySis, [0]). For a very detailed overview of super-
conducting phases of f-electron compounds see Ref. [7]. Understanding these
cooperative phenomena is fundamental to the above-mentioned proper under-
standing of physics of magnetism and superconductivity.

In the presented study we give an overview of the physical behaviour of a novel
compound CeCog.715512.085. The compound exhibits some very interesting mag-
netic behaviour which can be seen in other cerium based compounds but is not
at all common. Its behaviour was published for the first time within the course of
this study in Ref. [§]. The novelty of this compound has meant that its descrip-
tion and an attempt at a characterization of the underlying physical mechanism
required quite an extensive study of its crystal and magnetic structure, specific
heat, magnetization and resistivity dependence on temperature, magnetic field
and pressure.

Originally, our aim was to study the CeT X3 group of compounds (7" and
X denote a transition metal and Si/Ge, respectively) but during the various
crystal growths we managed to grow the (then unknown) CeCog7159iz.085. Its
characterization has showed some very curious and interesting behaviour and we
have therefore decided to further focus mainly on its investigation.

Firstly, its crystal structure is interesting since the unit cell is extremely elon-
gated (a = b = 4.13A | ¢ = 32.84A) and contains patterns which are visible in
the structure of the CeT' X3 group. Secondly, among other effects, its magnetic
behaviour resembles that of the so-called ‘devil’s staircase’ systems (e.g. CeSb [9],
CeCoGegz [10]) and the consequently arising complex magnetic phase diagram is
quite unusual as well.
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Figure 1: (a) BaAl, structure and its two derivatives (b) ThCrySi, and
(c) BaNiSns.

Ternary Ce-based Compounds

As mentioned above, the structure of the CeCog 715512085 includes certain struc-
tural patterns observed in other ternary cerium based compounds and its be-
haviour is comparable to that of CeCoGes. It is therefore helpful to firstly famil-
iarize ourself with this group of compounds.

Most of CeT' X3 compounds crystallize in the tetragonal BaNiSns-type struc-
ture, specifically the series CeT'Si3 (T: Co, Ru, Rh, Pd, Os, Ir, Pt) and CeT'Ges
(T: Fe, Co, Rh, Ir)[II]. The lattice parameters of the compounds of the two
series do not vary very much, 41A < a < 4.4A and 9.5A < ¢ < 10.0A. The
BaNiSnj3 structure can be seen as being derived from the BaAl, structure, an-
other later relevant structure derived from BaAly is the ThCrySiy structure in
which some heavy fermion superconductors crystallize, e.g. CeRhySiy [12] or
CeCusSiy [6]. Figure [ shows the mentioned structures. The ThCrySis structure
is centrosymmetric while the BaNiSns is not. This fact makes the whole group
quite interesting since CeRhSis [I1], CelrSis [13], CeCoGes [14] and CelrGes [15]
are pressure-induced superconductors A typical CeT X3 temperature-pressure
phase diagram is similar to that of CelrSiz — with increasing pressure the order-
ing temperature decreases (generally non-monotonously) and at a certain critical
pressure the superconducting phase starts emerging and magnetism is gradually
suppressed, see Figure [2al

The CeT' X3 compounds exhibit various magnetic ground states from anti-
ferromagnetic (AFM) heavy fermion (HF) states to intermediate valence (IV),
see Table [l for CeT' X3 with T" from the Group 9 (Co, Rh, Ir). For the develop-

Tt is worth mentioning that noncentrosymmetric superconductors have been also been re-

ported among the related (Ca,La)TSis compounds [16] 17, [18].



ment of Ty with unit-cell volume V' a simple curve has been proposed supporting
the Doniach model in which the on-site Kondo effect dominates over the inter-
site RKKY interaction with decreasing V' [19]. We have studied this development
within the course of my bachelor thesis in Ref. [20], results are plotted in Figu-
re 20

Mag. GS % T~ 0, Mt Ref.
[mJ/molK?] K] (K] [un/Ce]

CeCoSi;  PM(IV) 37 - 840 280 211

CeRhSi; AFM(HF) 120 1.8 128 265 |27

CelrSi;  AFM(HF) 125 5.0 142 262 22]

CeCoGe;  AFM 32 21/12/8 20" 216" [10]
CeRhGe;  AFM 40 14.9/8.2/055 -28  2.53  [22,23]
CelrtGes  AFM 80 8.7/48/0.7 -21 239 [223

Table 1: Magnetic ground state (GS), Sommerfeld coefficient 7, ordering temper-
ature Ty, Curie-Weiss temperature 6, effective magnetic moment p.g of BaNiSns
type CeT' X3 compounds. The values denoted by * were measured on single crys-
tals with H||[001].
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Figure 2: (a) Temperature-pressure phase diagram of CelrSis, Ty denotes the Néel
temperature and Ts¢ the superconducting transition temperature, reprinted from
Ref. [13]. (b) Unit cell volume dependence of the Néel temperature in CeT X
(T: Co, Rh, Ir), reprinted from Ref. [23], with the results from measurements of
Celr(Si, Ge;_;), from Ref. [20] plotted as diagonal stars.

‘Devil’s staircase’ Systems

A typical example of a ‘devil’s staircase’ system is the CeSb. It exhibits the
characteristic feature of the system — the step-like behaviour of magnetization in
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increasing magnetic field caused by successive magnetic phase transitions (simi-
larly to the magnetization of CeCoGes in Figure[3). The CeSb crystallizes in the
rock salt structure and all the phases consist of square-wave structures with prop-
agation vector k = (0,0, k) and the moments along the k vector. The structures
of the various phases can be described by a periodic stacking of zero magnetized
and ferromagnetic planes with parallel or antiparallel magnetization, e.g. struc-
tures with k =4/7 (++——++—), k =2/3 (++ —) and k = 0 are successively
observed at low temperatures with increasing field. Many other phases are ob-
served depending on the conditions (temperature or applied magnetic field) of the
experiment, the complete magnetic phase diagram is displayed in Figure @ [24].
However, a compound more relevant to the studied CeCog 715512085 is the
CeCoGes. It is a member of the CeT' X3 group and besides the above-mentioned
properties its magnetization for H||[001] also exhibits a feature characteristic for
the ‘devil’s staircase’ systems — three step-like metamagnetic transitions as shown
in Figure @ It is an antiferromagnet with a Néel temperature of Ty, = 21K and
two other successive transitions at Ty = 12K and Ty3 = 8K. All three transi-
tions are visible in the resistivity data for J||[001] as well as in the magnetization
data. The magnetic susceptibility follows the Curie-Weiss law at temperatures
above 150K with effective magnetic moment and paramagnetic Curie-Weiss tem-
perature of Mlelg,CeCoGeg = 2.23up/Ce and 9!:10600%3 = —71K for H||[100] and

lle lle

Heft CoCoGes = 2-16u8/Ce and 0 ¢.coqe, = —29K for H|[[001], respectively. The
magnetic ordering is manifested in specific heat data as a sharp, almost A-like
anomaly at Ty; = 21K, the Sommerfeld coefficient below this ordering tem-
perature equals Ycecoge; = 32mJ/molK? and the magnetic entropy gain reaches
AScecoGes = 0.68In2 at Ty [10]. Its magnetic structure is displayed in Figure 2]

0.5 T T T
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4 6
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Figure 3: Magnetic field dependence of magnetization of CeCoGes [10].
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Figure 4: Magnetic phase diagram of CeSb, reprinted from Ref. [9].




1. Theory

1.1 Magnetism

Magnetic moment can be defined in the following way: Let us consider a current
I flowing in a loop which encloses an area S and let the vector S point in the
direction normal to the plane. Then the magnetic moment created equals m =
IS, its units are Am?. Using basic theory of electromagnetism we see that such
definition of magnetic moment also defines the forces which it experiences in an
external magnetic field and we can thus also define magnetic moment via the
torque it experiences in such fields. We will usually express magnetic moment in
units of Bohr magneton ug = eh/2m, = 9.27 - 10724JT~1 [25].

A magnetic moment of a free atom has three principal sources: the spin
with which the electrons are endowed; their orbital angular momentum; and the
change in the orbital moment induced by an applied magnetic field [26]. Lets
assume a solid to constitute of a large number of atoms each having an individual
magnetic moment and a magnetization of such solid then to be the averaged
vector sum of those moments normalized to, for example, a unit volume or a
formula unit.

Depending on the reaction of the studied material to an external magnetic
field we can, in the simplest case, classify magnetism as

diamagnetism — magnetization of the material is negative in non-zero fields but
zero in zero magnetic field,

paramagnetism — magnetization of the material is positive in non-zero fields
but zero in zero magnetic field,

ferromagnetism — magnetization of the material is non-zero in both non-zero
and zero magnetic fields.

The last mentioned ferromagnetism occurs in the so-called magnetically ordered
solids. In such solids below a critical temperature the magnetic moments are
subject to certain magnetic interactions causing the emergence of a long range
magnetic order which in turn results in the non-zero magnetization in zero mag-
netic fields — the so called spontaneous magnetization. Apart from the mentioned
ferromagnets, there is a number of various magnetically ordered materials with
both non-zero and zero spontaneous magnetization, e.g. antiferromagnets or fer-
rimagnets.

A ferromagnetically ordered solid exhibits a spontaneous magnetization be-
low the critical Curie temperature T. Increasing the temperature and therefore
increasing the entropy of the system eventually causes a breaking of the mag-
netic order and a transition to the disordered paramagnetic state. The usual
transition from ferromagnetic to paramagnetic state is of second order [20], see
Equation [LL.33

Using the mean-field approrimation, we assume that each magnetic atom ex-
periences apart from the applied external magnetic field another field By, called
the exchange field, which is proportional to the magnetization Bg = AM. If we
assume that a ferromagnet is a paramagnet with the additional magnetization

7



caused by the exchange field we can derive an expression for a magnetic suscep-
tibility x of a ferromagnet in the paramagnetic region above the Curie point —
the Curie-Weiss law [26, Equation 12.4]

C
= 7 (1.1)

X

Another ordered magnetic state relevant to this study is the antiferromagne-
tic state in which the vector sum of the individual magnetic moments sums up
to zero. An antiferromagnet thus does not exhibit a spontaneous magnetization
even though the magnetic moments display a long-range order. A simple illus-
tration of such mechanism is a case when all magnetic moments are of the same
absolute value but neighbouring moments point in quite the opposite direction —
such system is obviously ordered but the sum of all the moments over the whole
macroscopic sample of such solid is zero. The critical temperature above which
this ordering is no longer present is called the Néel temperature Tx.

Above the Néel temperature Ty an antiferromagnet obeys the Curie-Weiss
law in the form [26, Equation 12.20]

. C
T -,

X (1.2)

where 0, denotes the paramagnetic Curie-Weiss temperature — it has the same
meaning as the Curie temperature for ferromagnet, it is only of negative value.
From the Curie-Weiss constant C' one can calculate the effective magnetic moment
e using the relation [26, Equation 11.22]

Nygpdy
C = © 1.3
T (1.3)
where kg is the Boltzmann constant. If [C] = emu/mol the relation for the

effective magnetic moment is

[3Ckgp
=, —= 1.4
Heft NAM% (1.4)

where N, is the number of constituent particles (atoms, molecules...) contained
in one mole.

1.1.1 Electronic Structure

Until now we have described bulk properties of magnetically ordered materials
and have talked about the underlying long range order of the magnetic moments.
Now, we would like to briefly describe the formation of magnetic moment and
magnetic order on a microscopic scale via description of electronic states in the
material.

Free Ion

A free ion consists of a nucleus and electrons surrounding it and to successfully
describe the electrons’ behaviour one has to use the quantum mechanics. Each



electron is described by a wave function which is specified via 4 quantum num-
bers: principal quantum number n, orbital quantum number /, magnetic quantum
number m and spin quantum number s. The value of principal quantum number
ranges from 1, n = 1,2, 3..., the orbital one has values [ = 0,1,2,---,n — 1,
the magnetic m = 0,+1,42,--- £l and the spin one s = +1/2. The orbital
quantum number [ is used to label the subshell of the electron as ’s’ for [ = 0,
' for I = 1,°d for | = 2, 'f’ for | = 3, etc. It characterises the internal
angular structure of the electron state and depending on its ‘orientation’ with
respect to the z-axis the z-component of angular momentum of the electron can
bem =0,+1,+2,---, £l [27].

Let us now consider a free ion with an incompletely filled f shell. The orbital
quantum number [ = 3, there are 2] + 1 = 7 possible values of magnetic quantum
number m and for each of these states two values of spin quantum number s
are possible. We therefore can have up to 2(20 + 1) = 14 electrons (different
electronic states) in such a shell. In our case, however, the shell is incompletely
filled and the question therefore is which ones of these 14 states are occupied.
This is specified by the Hund rules that describe the properties of the ground
state as,

e firstly, that for a given configuration the term with the maximum spin S
(called maximum multiplicity) possesses the lowest energy,

e secondly, for a given configuration and multiplicity the term with the largest
value of the angular momentum L possesses the lowest energy and

e thirdly, for the given configuration, multiplicity and angular momentum
the value of the total angular momentum J is a minimum (J = |L — S]) if
the configuration represents a less than half-filled shell but is a maximum
(J = |L+ S|) if the shell is more than half-filled [2§].

The rules therefore give a sequence of occupation of the electronic states.

For example, in the case of Ce®" ion we only have a single electron in the
f shell and by applying the Hund rules we obtain S = 1/2,L = 3,J = 5/2.
We have now determined how the ground state in our ion looks like and which
electron states are occupied and which are not. From the values of spin, orbital
and total angular momentum which characterize this ground state we are able to
derive the size of the magnetic moment p and effective magnetic moment g of
the free ion as [20, Equation 11.11], [28, Equation 4.1]

p=—gpust, g = gus\/J(J +1) (1.5)
where ¢ is the Landé g-factor given by [26, Equation 11.13]

JJ+1)+S(S+1)—-L(L+1)
2J(J+1) '

Taking Ce®" ion again as an example, we get g = 6/7, u ~ 2.14pug and peg =~ 2.54up.

g=1+ (1.6)

Ion in a Lattice

So far we have discussed the case of a free ion. The next logical step is to ask
what happens when this ion is placed in a crystal lattice. There are basically two
limit cases which can model behaviour of ions of different elements.



In the localized limit the wave functions describing the electronic structure
together with the consequently arising magnetic moments keep their free-ion like
nature and the effects of the surrounding ions (atoms) and electrons are intro-
duced separately. This approach is applicable in the case of the 4 f electron system
— lanthanides. The above—described calculation of magnetic moment using Hund
rules is in a good agreement with experimental values, see Table 11.1 in Ref. [26],
for the whole series from Ce3* ion to Yb?** ion with the exceptions of Sm3* and
Eu®" whose values differ. The introduction of the effects of the surrounding ions
and electrons can be done via the so-called exchange interactions (see below) or,
for example, the so-called crystalline electric field (CEF) which is in principle
a Coulomb interaction of the cation (Ce®" for example) with the surrounding
charged particles (other ions Ce?" and electrons of the completely filled s and
d shells). It is worth noting that the CEF reflects the structure of the material
and may be anisotropic.

The second limit is the so-called itinerant limit — from Latin «tineris which is
genitive singular of iter, a journey, march or a road. The magnetism in this limit
stems from the delocalized (‘itinerant’, ‘travelling’) nature of electrons. Even
though presently not all cases are fully understood it seems clear that the T'= 0
properties of a majority of metallic magnets, excluding those involving rare earths,
can be explained in the itinerant electron picture [28]. The magnetic properties
of numerous elements (e.g. Fe) can be described using the band theory, originally
proposed by Stoner [29,30]. In the simplest case, the mechanism can be described
as follows: the periodic potential breaks up the atom states and redistributes the
valence electrons in Bloch states. The electrons moving in the periodic potential
are thus characterised by quantum number n, that serves as a band index, wave
vector k and a spin projection which we can choose either up or down. One
then introduces a difference in the number of up and down electrons and probes
the stability of such state in terms of energy minimization. The criterion that
arises is the so-called Stoner condition which states that the non-magnetic state
is unstable when [28, Equation 4.35]

31
_2€F

where N is the spin-added density of states at the Fermi energy ep and I is the
molecular field constant.

Exchange Interactions

As mentioned, the exchange interactions introduce the effects of the surrounding
ions and electrons on the magnetic moments on the studied ion (atom).

Firstly a direct exchange interaction should be considered. It occurs in the
case when the wave functions of electrons responsible for magnetic moments of the
neighbouring atoms overlap. It is called direct since the electrons interact directly
with each other without any other particle intermediating the interaction. The
interaction is written as

HI = —2J;; - SiS; (1.8)

with J;; being the so-called exchange integral and S;; the magnetic spin vec-
tors. The exchange interaction originates from a quantum exchange term of the

10



Coulomb interaction between d electrons of the neighbouring ions so that it has
the coupling strength of the Coulomb interaction, as discussed by Heisenberg in
1928.

By contrast, the indirect exchange interaction (or superexchange) arises be-
tween two magnetic ions via some other particle which mediates the interaction.
This can be anions situated between the ions [31] or conduction electrons. The
latter is the so-called RKKY interaction (named after the four persons responsi-
ble for its development — M. A. Ruderman, C. Kittel, T. Kasuya and K. Yosida).
Being originally developed for description of indirect interaction of nuclear mag-
netic moments in a metal [32] the RKKY interaction has later been applied to the
interaction of unfilled inner shell electrons [33,[34]. The conduction electron inter-
acts with the localized unfilled inner shell electrons of one ion and the interaction
is reflected in its wave function. This is in turn seen by the neighbouring ion and
the mechanism thus establishes an indirect spin-dependent coupling between the
two ions. This mechanism is especially important in a description of magnetic
moments and long range magnetic order of 4f ions (as Ce?" for example).

Another noteworthy interaction is the Kondo interaction (or s-d exchange
interaction) and the consequent Kondo effect firstly described by Jun Kondo in
Ref. [35]. The conduction electrons of a dilute magnetic alloy scatter on localized
electrons of the magnetic impurity and a then arising Kondo effect is observed
as a minimum in the temperature dependence of electrical resistivity. In order
to describe this behaviour a term pgi, ~ log(7") is introduced into the formula
describing temperature dependence of resistivity as a sum of terms (each arising
from a different scattering source) — the so-called Matthiessen’s rule [36, Equa-
tion 1]. The model is derived for the case when the exchange interaction .J
between the conduction and localized electrons is negative (favourable for an-

tiparallel spins) [35].

1.2 Diffraction on Crystal and Magnetic Struc-
ture

1.2.1 Crystal Structure

An ideal crystal is a long-range ordered material made of atoms which are ordered
on a lattice defined by three vectors a, b, ¢ such that the arrangement looks the
same from each point [26] Equation 1.1]

R, = nja+ nsb + nsC, ni23 € Z (19)

where Z is the set of integers. The set of such points R,, defines a lattice.
A parallelepiped formed by the three vectors a, b, ¢ is called a unit cell. For this
lattice to describe a crystal we must add a certain appropriate basis of atoms
to each lattice point. If all points from which the arrangement of atoms looks
the same satisfy Equation we call the lattice primitive and the parallelepiped
formed by the three vectors a, b, c is then called primitive unit cell. However,
a much more convenient is the use of the so-called elementary cell which is the
smallest possible parallelepiped which has a full point symmetry of the lattice.
An elementary unit cell need not equal to the primitive unit cell.
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When trying to describe a diffraction of a wave on a periodic crystal lattice
a concept of reciprocal lattice is very useful. Reciprocal lattice basis vectors
a*, b*, c¢* can be defined as [20, Equation 2.13]

b xc cXa axb
a 7ra~b><c7 7Ta~b><c’C 7Ta~b><c (1.10)

and reciprocal lattice vectors then take the form of
G :ha*—i-kb*—i—lc*, h,k,l € Z. (111)

The importance of such (artificially) defined lattice is that the measured diffrac-
tion pattern is a map of the reciprocal lattice as opposed to direct microscopic
optic experiments which map the direct crystal lattice.

If we consider a function f(r) which is periodic in the 3D primitive lattice,
like the electron density function p(r), we can express it as a Fourier series in
a reciprocal lattice like [26, Equation 2.9]

flr)=>" feecr. (1.12)
G

Diffraction on Crystal Structure

Let us now consider an elastic scattering of a monochromatic radiation. Let K

be the wave vector of the incident and K of the diffracted wave and Q Y KK 0

the so-called scattering vector. We then can derive the condition for a diffraction
of the radiation on a (hkl) plane as [37, equation 3.15]

K-Ky=Q=Guu (1.13)

or as the so-called Laue equation. The condition is equivalently expressed in the
so-called Bragg law [26], equation 2.1]

2d sin(f) = nA, nenN (1.14)

where d is the spacing between parallel lattice planes (hkl), 6 the angle of inci-
dence, A the wavelength of the incident wave and N the set of natural numbers.

We have now stated diffraction conditions for a diffraction of a radiation on
a general set of equidistant planes, i.e. in the simplest model of a crystal possible.
If we want to describe diffraction on a more complex model of a crystal things
get a bit more complicated and complete explanation exceeds the ambitions of
this section of this study. We will only briefly describe formulas for calculating
intensity of radiation diffracted from a small perfect crystal which is (as a whole)
coherently irradiated by a beam of monochromatic X-Ray radiation. We will
describe this situation within the kinematical approximation in which multiple
scattering is neglected, i.e. each photon is scattered only once (this condition
is valid in case of a structurally imperfect (randomly disturbed) crystals). We
will also limit ourselves only to elastic Thomson scattering during which the
energy stays conserved and therefore also the wavelength of the incident wave
remains unchanged. Let the crystal be a parallelepiped whose sides are of length
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Mia, Msb, Msc (My23 € N') and which therefore contains M = M;MyMs; ele-
mentary unit cells. If the diffraction condition is fulfilled (Q = Ghy;) then
the intensity of the diffracted radiation can be expressed as [37, Equation 4.50]

I =I,F},M. (1.15)

It depends on I., the intensity of coherently scattered unpolarized radiation on
a classical free electron (see [37, Equation 4.12]), and Fj,;; which is the so-called
structure factor and equals to the Fourier transform of the electron density of
atoms belonging to the same elementary unit cell. Tt can be calculated using [37,
Equation 4.33]

N
Fhkl _ Z fn<k)e[2ﬂi(hmn+kyn+lzn)] (116)
n=1

where the summation is over all N atoms belonging to the same elementary
unit cell, z,, y,, 2z, are their fractional coordinates and f,, their atomic scattering
factors which for spherically symmetric atoms equal [37, Equation 4.21]

sinkr

dr. 1.1
dr (L.17)

) = [ ametolr

It should also be stated that the above is valid only if the whole scattering object
is much smaller than v/ AR where R is the observation distance, i.e. the so-called
Fraunhofer (or far-field) approximation [38, Equation 4.27].

1.2.2 Magnetic Structure

In order to fully describe the structure of a crystal that contains atoms with
non-zero magnetic moments one has to determine how the magnetic moments
are distributed in the crystal lattice — where do they sit, in which direction they
point and how large they are. Since magnetic moment (its size and direction)
of equivalent atoms in the lattice can differ across different elementary cells the
magnetic structure must be described by a magnetic unit cell, which does not
necessarily have the same size as the elementary (nuclear) cell. To make the
description as simple and compact as possible a concept of a so-called propagation
vector k is very useful. Let us have a magnetic moment m,,; at position

R,; =R, +r, (1.18)

where
r; = ra+ yb + zc, 0<x,y,2<1, z,y,2€R (1.19)

and R denotes the set of real numbers. The spatial distribution of magnetic
moment m,,; can be Fourier expanded (due to its spatial periodicity) as [39]
equation (10)]
My, =y Whel 2k An) (1.20)
k

where \II;c is a basis vector which (if real) corresponds to the projection of the
moment along crystallographic axes in the 0% cell. Using this concept we only
need the information about the nuclear elementary cell, propagation vector(s) k
and the basis vector(s) \If;“ to fully describe the magnetic structure.
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Diffraction on Magnetic Structure

Magnetic structure can be studied via diffraction of a beam of neutrons on the
studied crystal. The key property of neutrons allowing such experiments is their
intrinsic magnetic dipole moment i, = —1.913ux (ux = 5.051- 10727 JT~! is the
nuclear magneton) [25]. Due to its non-zero value neutrons interact not only with
atomic nuclei via short range forces but also with, for example, spin and orbital
angular momentum of unpaired electrons via a magnetic dipole interaction.

In the case of elastic scattering the intensities of nuclear and magnetic diffrac-
tions are additive and the diffracted intensity is proportional to the square of
the so-called magnetic interaction vector F'; (Q) (the component of the magnetic
structure factor perpendicular to the scattering vector Q) [40, Equation 3]

Q)= K(@QF.(Q) F1(Q) (1.21)

where K(Q) includes geometrical terms. For the integrated intensity of a mag-
netic diffraction (hkl) we can then write (except for a constant factor)

Q F.(Q)|
—0 } (1.22)

where F', is the magnetic structure factor of the unit cell which can be calculated
using [40, Equation 8]

1@ = K@{IFu@r -

Fm<thl + k) =D Z fs(Q) Z @?<S)Wsj(Q)e{QWi(thl-i-k)T'j(S)}_ (123)
s J

The s labels the Wyckoff position of multiplicity r, j = (1,2, ..., r) labels equiva-
lent Bravais sublattices of such position, p is a constant, f(Q) the form factor of
the chemical species and W ,; the Debye-Waller factor. From the expression
we can conclude that only the Fourier components ‘~Il;c of the magnetic struc-
ture are accessible from neutron diffraction experiment. For experimental data
analysis (among other possible approaches) one thus performs analysis of the ir-
reducible representations of the propagation vector group and their associated
basis functions. A certain knowledge of group theory is thus very useful and we
will briefly describe certain relevant concepts of it in the next section.

Group Theory

A group G is a set of elements ¢, g € G, together with an operation that combines
two elements g; and g to form another element g;g,. The set and operation must
satisfy four requirements

e closure: ¢,9; = g,

e associativity: gi(g;gx) = (9i9;)9% = 9:9; 9,
e existence of an identity element e: eg = ge = g,

e existence of an inverse element ¢g7': gg' =g g =e.
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Let Gy be the space group of symmetry elements g o {A,t} of the studied
structure where A is the rotation and t translation part of the element. We then
define the ‘little group’ Gi as the group consisting of symmetry elements of G
that leave k invariant, i.e. if g; is an element of G, and

then k; and k are equal.
Let V be a vector space and let for all g € G exist a regular linear operator
D(g): V — V and let

(i) D(e) =1 and

(ii) gig; = g imply D(g:)D(g;) = D(g)-

We then call D a representation of a group G on a vector space V. A representation
of a point group of a molecule symmetry, for example, would look as follows. Let
the atoms of the molecule sit at R and let a vector space V have orthonormal
basis made of vectors |R). The point group of the molecule symmetry G then
consists of rotation, mirror symmetry or their combination. An A € G transforms
vectors of atoms of the molecule again to vectors of atoms of the molecule which
then leads to the definition of a representation D(A) by its effect on the basis
vectors as

D(A)|R) = |AR) (1.25)

where there sits for every atom R and every A € G an atom at AR.
Reducibility of a representation D of a group G on a vector space }V means
that one can decompose the vector space V into subspaces V), v = 1,2, ..., M,

V=yvDgydg. . oy (1.26)

such that for all v and g € G the representation is D(g) : V) — V). We can
write that
D=DYaD?g. .. D", (1.27)

If there exists no such decomposition of V then the representation D is irreducible.

The above-mentioned experimental data analysis is then based on the follow-
ing approach. Firstly, the irreducible representations D) of the little group G
are calculated, followed by the basis functions an’;j The basis functions corre-
spond to magnetic moments of atoms and the basis vector \Iff can be written as
their linear combination

a7m7.]

k=" ComVii a=1,... dim(DY) (1.28)

where C,,, are coefficients and m varies from 1 to the number of times the
irreducible representation D) is contained in the global magnetic irreducible
representation.
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1.3 Thermodynamic Properties

Phase Transitions

Heat capacity is an important thermodynamic quantity defined as follows. If
a homogeneous system absorbs a small amount of heat d@) causing its temperature
to rise by d7" then its heat capacity at constant pressure Cj, is

o (19). a9

Specific heat ¢, is then a heat capacity per unit mass or per mole. Another
important quantity is entropy S. The change in entropy can be calculated using
the specific heat (under the assumption that no work is being carried out) as

AS :/@dT. (1.30)
T
The quantity
[ =TAs (1.31)

is then called the specific latent heat of a transition where As denotes a change
in entropy per unit mass. When considering a phase transition from solid to
liquid phase, for example, the latent heat of the transition is the quantity of heat
required to melt one unit mass of solid.

Gibbs free energy is a thermodynamic potential defined as

Gp,T)=U+pV =TS (1.32)
with its total differential being
dG = Vdp — SdT. (1.33)

It can be shown that isobaric specific heat and entropy equal

0*G oG
Cp = — (W)p, S = _(8—T)p (134)

Ehrenfest defines the order of a phase transition using the derivatives of the Gibbs
potential per unit mass g; of the two phases. The transition is of nth order if at
the transition point [41]

8"91
oT™

8" [
oP"

0" gy and "

7 arm opPn

4 (1.35)

whereas all lower derivatives are equal.

Since entropy is related to the first derivative of Gibbs potential g and the
specific heat is related to the 2nd derivative of g, see Equation [L.34] during the
first order phase transition we observe a discontinuity in entropy and accord-
ing to Equation [[L3T] a latent heat is absorbed/released. During a second order
phase transition on the other hand, the second derivatives of Gibbs potential are
not continuous and thus neither is the specific heat. A well-known example of
a second-order transition is the transition to a superconducting state.
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Specific Heat

Specific heat of the studied system — a crystal — as well as its entropy can be
described as a sum of contributions of its individual components, e.g.

p(T) = ca(T) + con(T) + Cmag(T) + Cete(T) (1.36)

where ¢q(7") denotes the contribution from conduction electrons, ¢,,(7") the con-
tribution from lattice vibrations (phonons), ¢mag(1) the magnetic contribution
and ce.(T") other contributions.

The specific heat contribution from conduction electron gas depends linearly
on temperature [26] Equation 6.37]

ca(T) =A~T. (1.37)

To interpret the experimental values of the coefficient v, the so-called Sommerfeld
coefficient, one can compare it with the values obtained from the electronic heat
capacity of a free electron and express their ratio as a ratio of a thermal effective
mass m* to the free electron mass m. [20, Equation 6.38]

m _ ’Yobserved. (138)

me Y free

The ratio differs from unity due to numerous interactions that the conduction
electrons are subject to, e.g. interaction with phonons in which the moving
electron tends to distort the lattice in its vicinity and drag the surrounding ions
along resulting in an increase in the electron’s effective mass. Compounds with
effective masses of enormous values (up to 1000m,) are called heavy fermions.
Phonon is a quantum unit of a crystal vibration. If the angular frequency
of a vibration is w then the phonon is a quasiparticle with energy hw (% is the
Planck constant divided by 27). The phonon contribution to specific heat can be
approximated using numerous models. The so-called Debye model describes the
phonons as a set of harmonic oscillators of frequencies up to a cutoff frequency
wp. From its value one can calculate the so-called Debye temperature as [26]
Equation 5.27]
QD = th/kJB. (139)

The phonon contribution to specific heat can then be expressed as [26] Equa-
tion 5.30]

1\? [0 glev 0
con(T) = 9nR(E) /0 mdx, Tp = ?D (1.40)
where n is the number of atoms per formula unit and R is the gas constant. This
approach is able to describe experimental data quite well, however, it is unable
to describe an anharmonic part of the phonon spectra. A very useful formalism
allowing exactly this is developed in Ref. [42].

At very low temperatures (well below Debye temperature) the upper limit of
the integral in Equation goes to infinity and we get the phonon contribution
to specific heat as cpn(T) = 234nR(T/0p)* [26, Equation 5.32]. For a simple
low-temperature experimental data evaluation we can therefore use the formula

cp(T) = ca(T) + cpu(T) =~T + BT (1.41)
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The magnetic contribution can be described in many ways. In a very simple
case via the difference in configurational entropy, see Equation [[30] between the
magnetically ordered state and randomly oriented spin state as [43, Equation 16]

ASnas =R Zpiln(pi) (1.42)

where p; is the probability of the system being in a microscopic state 7. In the
magnetically ordered state only one state exists (p =1 — ASyag = 0) but in the
randomly oriented spin state the total spin of each cation can be oriented equally
in any of 2s+ 1 directions (s is its spin quantum number) and therefore, assuming
no spin coupling, we get

ASpg = RIn(2s +1). (1.43)
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2. Experimental Details

2.1 Crystal Growth

One of the very common and industrially very important techniques used for
growth of single crystals is the Czochralski process (Jan Czochralski, 1916, [44]).
It is used during preparation of single crystals of semiconductors, like silicon or
germanium, metals and many other compounds.

In principle a polycrystalline material of the highest available purity of a sto-
ichiometric composition of the desired single crystal is placed in a crucible (made
of copper for example). The polycrystalline material is then melted and once
the melting is finished a seed of the desired crystal is introduced into the liquid
in a vertical direction from the top. The tip of the seed melts in the liquid but
a solid part of it is still attached on top. Afterwards the growing process itself
can start via slow pulling of the solid crystal seed away from the liquid metal
(semiconductor, ...). If the conditions of the experiment like the pulling speed
of the seed or temperature of the liquid are well set during the pulling of the
crystal seed new crystal grows on its bottom part from the melted metal and one
gradually obtains an ingot of the desired single crystal. It should also be noted
that the whole process is carried out while the crucible and the seed crystal are
rotating in opposite directions and the whole growth is also carried out under
protective atmosphere of, for example, argon gas.

2.2 Structural and Phase Analysis

For a proper analysis of an obtained sample a detailed knowledge of its micro-
scopic structure is necessary. Since the size of the elementary unit cell is of the
order of Angstroms (1A = 107%m) techniques which are usually used for struc-
tural analysis on such scales are based on interference of waves diffracted from
the periodically arranged structure, see Section These waves can either be
of an electromagnetic nature, i.e. light of different wave lengths, or of a particle
nature, due to the wave—particle duality of particles. Depending on which probe,
i.e. either electromagnetic radiation or a particle, one uses one can study different
characteristics of the periodical arrangement (crystal). In this study diffraction
of X-Ray waves and neutron particles was used and will be discussed.

An equally important part of a sample (crystal) analysis is the phase analysis
in which the chemical composition of the sample is confirmed using for example
(as in this study) a scanning electron microscope (SEM) equipped with an EDX
spectroscopy option.

2.2.1 SEM & EDX

A scanning electron microscope is a device in which an interaction of an elec-
tron beam with the studied crystal is exploited. Electrons’ wavelengths are much
smaller when compared to visible light and they therefore allow us to study the
topography of the crystal on a much smaller scales. An incident focused beam of
electrons used in SEM also ejects electrons which are bound in individual atoms
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Figure 2.1: Tllustration of a set of energy levels (shells) in an atom (labeled K for
n=1, L for n=2 and so on) and possible characteristic energies of characteristic
emitted photons (labeled K,, Kz and so on).

of the sample from ground state creating a hole in the lower-energy shell. When
then another electron from a higher-energy shell jumps into this empty ground
state the positive energy difference will be released as a so-called characteristic
X-Ray radiation, see Figure 211 An EDX (i.e. energy-dispersive X-ray spec-
troscopy) analyzer is then able to analyze intensity of this radiation depending
on its energy (wavelength) producing a spectrum which is unique to atoms of
every element. Analyzing this spectrum therefore gives us information about the
chemical composition of the crystal and together with the knowledge of its real
space distribution can help us estimate the homogeneity and composition of the
studied sample.

In our study a scanning electron microscope (Mira I LMH, TESCAN) with
an EDX detector (Bruker AXS) was used.

2.2.2 X-Ray Powder Diffraction

X-Ray diffraction is a method based on an interference of X-Ray radiation diffract-
ed from the studied sample. Since X-Ray sources can be realized in quite com-
pact sizes the use of X-Rays is very common and popular for characterizations
in a small-size laboratories. The X-ray wavelength is of the order of A, i.e. of
the order of typical interatomic distances in a solid [45]. The X-Ray radiation
obtained from small laboratory sources, e.g. X-Ray tube with a copper target,
produce radiation of flux sufficient for a characterization of the structure of the
studied sample.

For X-Ray powder diffraction experiments a very much used experimental
arrangement is the Bragg-Brentano geometry, see Figure 22 The X-Ray radia-
tion hits the studied crystal under specific angle 6 and the afterwards diffracted
radiation is detected only under angle 26. From the value of this specific angle
0 the set of crystallographic planes from which the radiation was diffracted can
be calculated. The measurement is carried out for various values of # and the
obtained data — angle dependence of the diffracted intensity I(#) — is then the
specific spectrum of the studied structure. In order to obtain, confirm or refine
a crystal structure from such an experiment we have to be able to describe the
experimental data with an appropriate model. This usually means that some
basic information about the structure (i.e. its space group, lattice parameters,
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1 - source of radiation

2 - detector

3 - sample

4 - specimen orientation

5 - primary beam direction
6 - sample rotation axis

7 - measuring circle

8 - focusing circle

Figure 2.2: Bragg-Brentano geometry of an X-Ray powder diffraction experiment.

fractional coordinates of the present atoms, ...) has to be known in advance and
is then only refined via comparison of the calculated profile with the experimental
data.

In our study the X-Ray powder diffraction experiments were carried out at
the Department of Condensed Matter Physics of Charles University in Prague
using the powder diffractometer Bruker D8 Advance [46].

The Rietveld Method

To analyse the X-Ray powder diffraction patterns the FullProf Suite [47), [40]
was used in this study. The techniques used are based on the so-called Rietveld
analysis [48, 49], i.e. a profile refinement method of powder diffraction data.

The measured pattern is given as two arrays {26;, y; }i—1,.» (y; denotes counts)
and the modelled profile at the ith step is calculated as a sum of neighbouring
Bragg diffractions and a background [47, FullProf Manual, Equation 3.1]

Yei = DS > L5gQ2(20; — 2055) + ;. (2.1)
¢ g

¢ denotes the phase, S, the scale factor, g = G the Bragg diffractions, I, the
integrated intensities, €2 diffraction profile function and b; the counts from the
background. The Rietveld Method then consists of refining a crystal structure by
minimising the weighted squared difference between the observed {y;}i=1.., and
calculated pattern {y.;}i—1,.. ., against parameter vector a = (aq, g, -, ).
The parameter vector contains all structural variables (specified by user) which
are available for fitting. The integrated intensities are generally calculated as [47]
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1 - single crystal
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1 ./ 3 3 - primary beam direction
4 - back-reflection pattern

Y

Figure 2.3: Back-reflection arrangement for the Laue method.

FullProf Manual, Equation 3.2]
Iyg = {LAPCF?},, (2.2)

where Lg contains the Lorentz, polarisation and multiplicity factors, Ag is the
absorption coefficient, Py is the preferred orientation function, Cg includes special
correlations and [y is, of course, the structure factor.

2.2.3 Laue Diffraction

Laue method is another diffraction technique which is very much used in the
presented study. In this method the studied single crystal is irradiated with
a collimated polychromatic X-Ray radiation and the consequently diffracted ra-
diation is detected on a 2D planar image plate which is perpendicular to the
primary beam direction. Both the sample and the primary beam directions are
fixed throughout the whole experiment so for each set of crystallographic planes
hkl the Bragg angle 6 is fixed. Since the used incident X-Ray waves are poly-
chromatic the Bragg law (Equation [[LI4) is satisfied for more 6 and there are
many diffractions (belonging to various hkl planes) visible on the image plate. It
should also be noted that because of the use of polychromatic waves the image of
the reciprocal lattice is distorted. However, the big advantage of this technique is
that it gives us the image in quite a short time and is therefore very useful for not
only determination of basic symmetries in the studied single crystal but also for
the process of finding principal crystallographic directions, which is a necessity
for consequent measurements of anisotropic material properties. The so-called
back-reflection arrangement for the Laue method used in this study is displayed
in Figure

2.2.4 Neutron Diffraction

Neutron diffraction is a method based on an interference of a beam of neutron
particles diffracted from the studied sample. The nature of neutron diffraction
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experiments is in principle similar to the X-Ray diffraction experiments, howev-
er, there is a number of crucial differences stemming from the fact that the used
probes are neutrons instead of X-Rays. Using formula for the de Broglie wave-
length A = h/p of a matter wave of a particle with momentum p written as p = hk
and the relation between the energy and mass m of a particle E = h?k?/2m one
can approximate the neutron wavelength as

AA) % (2.3)

I

For neutrons with energy of 0.08 €V we then get the wavelength of 1A, i.e. as in
the case of X-Ray radiation of the order of typical interatomic distances in a solid
[45].

In our neutron diffraction experiments the single-crystal four-circle diffrac-
tometer with three-axis energy analysis (D10) at the Institut Laue-Langevin (ILL)
in Grenoble (France) was used. Its instrumental layout is displayed in Figure 2.4
In principle, the studied sample placed in a four circle dilution cryostat is irra-
diated with a beam of neutrons of a given wavelength in a specific direction and
the consequently diffracted beam is detected by an analyser. The monochroma-
tor selects (separates) neutrons of the given wavelength from the neutron guide,
the monochromatic beam then passes through slits which limit its size and con-
sequently irradiates the sample. The sample is placed in an Eulerian cradle with
three axes w, x and ¢ which allow rotation of the sample until a given set of
atomic planes hkl diffract the neutron beam into the equatorial plane and the
diffracted beam is then detected by an analyser which can rotate around the
sample within the equatorial plane. By specifying the direction of incident and
diffracted beam a certain Bragg diffraction maxima hkl can be chosen and inten-
sity can be recorded. After recording intensities of a number of diffractions the
structure of the studied crystal can be obtained [50].

2.3 Physical Property Measurement System

For characterization of basic thermodynamic, transport and magnetic properties
of the studied compounds we performed experiments at the Joint Laboratory for
Magnetic Studies [51] of Department of Condensed Matter Physics of Charles
University and the Institute of Physics of The Czech Academy of Sciences using
a Physical Property Measurement System [52] with 9(14)T superconducting coil
from Quantum Design Inc. It is a variable system which allows experiments in
magnetic fields up to 14T and at temperatures down to 0.35K measuring various
physical properties (depending on which of the many options is used). In our
study it was used for experiments measuring specific heat, electrical resistivity and
magnetization (using vibrating sample magnetometer) of the studied compound.

2.3.1 Specific Heat

Measurements of specific heat at constant pressure, see Equation [L29] have been
performed using QD Heat Capacity option. The experimental arrangement is as
follows: A sample is fixed on a platform with a thin layer of Apiezon N grease,
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Figure 2.4: Instrumental layout of the single-crystal four-circle diffractometer
with three-axis energy analysis (D10) [50].

the platform is equipped with a thermometer and a heater and is connected to
a thermal bath (a puck) via small connecting wires. These serve as both electrical
and thermal connection and mechanical support. The ambient space is pumped
to such a vacuum that the wires are the main heat link between the bath and the
platform. The heater is then able to supply a controlled amount of heat to the
platform while the thermometer monitors the resulting change in temperature.
Schematic layout is displayed in Figure [53].

The experiment itself is then consisting of two phases: a heating period during
which a known amount of heat is applied at constant power for a specific time
and then a cooling period during which the temperature relaxes. Temperature
of the platform is monitored during both phases and the whole temperature
response (time dependence of temperature) is then fitted to a appropriate model

CONNECTING APIEZON GREASE
WIRES SAMPLE /

BATH [ PLATFORM ATk
(PUCK FRAME) (PUCK FRAME)
THERMOMETER HEATER

Figure 2.5: Experimental layout of PPMS Heat Capacity Option [53].
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Figure 2.6: Time dependence of platform temperature of 0.24976g copper as
published in Ref. [54], circles represent measured points, triangles fitted points
and 77 is a time constant used to characterize the equilibrium between the sample
platform and the bath.

as described in Ref. [54]. The model accounts for the thermal relaxation of the
sample platform to the bath as well as the sample platform to the sample itself,
the result of such fitting is displayed in Figure 2.6l Performing such an experiment
with the consequent fitting at various temperatures (and magnetic fields) then
give us the desired temperature (magnetic field) dependence of specific heat.

Experiments which have been carried out in Ref. [55] conclude that the PPMS
system manufactured by QD exhibits an overall accuracy better than 1% for
temperatures between 100K and 300K while the accuracy diminishes at lower
temperatures. The obtained data confirm that the system operates within the
5% accuracy specified by QD and measurements on gold samples with masses of
4.5mg and 88mg indicate that accuracy of 3% or better can be achieved below 4K
by using samples with heat capacities that are half or greater than the calorimeter
addenda heat capacity.

2.3.2 Electrical Resistivity

Resistivity can be determined with a very good precision using the so-called 4-
point method. Experimental arrangement is schematically plotted in Figure 2.7
A sample of the studied material is cut into a rectangular cuboid of known cross-
section dimensions a,b and afterwards contacted with 4 wires arranged linearly
along the third dimension of the sample. The two outer probes pass electric
current [ through the sample while the inner two probes measure the induced
voltage U. If the distance between inner probes is d then the resistivity p can be

calculated using the trivial formula
a-bU
= ——. 2.4
pP=—"7 (2.4)

The main advantage of this technique stems from the fact that the voltmeter
has a very high resistance and therefore the inner wires draw little to no current
eliminating (almost) the inaccuracies caused by resistance of the contacts and the
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Figure 2.7: Experimental layout of 4-point AC resistivity measurement.

wiring. In the presented measurements the sample has been glued on a suitable
puck with the insulating GE Varnish, contacted using gold wires with a diameter
of 25um and then placed in the PPMS cryostat.

2.4 Magnetic Property Measurement System

For experiments measuring magnetization under various conditions a MPMS XL 7T
(Magnetic Property Measurement System) present at Magnetism and Low Tem-
perature Laboratories (MLTL) [56] of Department of Condensed Matter Physics
of Charles University has been used. It allows very precise experiments in mag-
netic fields up to 7T and temperatures down to 1.9K exploiting the sensitivity of
a Superconducting QUantum Interference Device (SQUID) magnetometer.

A SQUID combines the physical phenomena of flux quantization and Joseph-
son tunnelling. It is able to detect a change in applied magnetic flux corresponding
to a tiny fraction of one flux quantum, in today’s devices typically 1076 ¢, Hz /2.
SQUIDs — which are intrinsically flux-to-voltage transducers — are the most sen-
sitive detectors of magnetic flux known [57].
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3. Results

3.1 Crystal Growth

A single crystal of CeCog 715510085 labelled JM004 has been successfully grown
by a modified Czochralski pulling method, see Section 2.1l The experiment was
carried out under a high-purity argon atmosphere (99.9999%) in a triarc furnace
which uses electric arcs for melting the polycrystalline material in a water-cooled
copper crucible and is available at the Technology Lab of Department of Con-
densed Matter Physics of Charles University [58]. Pulling speed of 6mm/h has
been used together with rotation speed 2rpm of the crucible and 2rpm of the
counter-rotating seed. The growth was carried out from an off-stoichiometric
composition of Ce : Co: Si =1: 1: 3.5 of high-purity elements (99.9% Ce, fur-
ther purified by solid state electrotransport [59], 99.995% Co and 99.9999% Si)
and using a seed made of a wolfram rod.

In order to minimize the amount of defects in the crystal lattice an annealing
process was carried out on the crystals from a JM004 growth — the obtained ingot
was wrapped in a tantalum foil (99.9%), sealed in a quartz tube and annealed at
900°C for one week under vacuum of 10~ bar.

A second successful growth of CeCog 715512285 labelled JMO018 was carried out
under the same conditions (same initial composition, same pulling and rotation
speeds, same purity of elements) only using a piece of JM004 crystal instead of
a wolfram rod as a seed. The obtained ingot can be seen in Figure Bl Since
at the time of the second growth it was already clear from preliminary neutron
diffraction experiments (see Section B.0]) that JM004 is not a single-grain crystal
we did not perform any annealing processes on the JMO018 in order to minimize
the chance of obtaining a multi-grain crystal.

3.2 Crystal Structure and Phase Analysis

The crystal structure of the studied novel compound CeCog 715515085 at room
temperature was determined via single crystal X-Ray diffraction experiments
performed by I. Cisafova from Department of Inorganic Chemistry, Faculty of
Science of Charles University in Prague. The structure was obtained from an
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Figure 3.1: The JMO018 ingot of CeCoq 715512.085 grown by Czochralski process in
a triarc furnace. The dotted lines on the underlying surface are in 5mm distance.
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experiment during which 517 diffractions (305 independent) were measured using
characteristic Mo K, X-Ray radiation. The compound crystallizes in the I-4m2
(Nr. 119) space group structure with a unit cell which is extremely elongated
along [001] direction — lattice parameters a = b = 4.13A and ¢ = 32.84A. The
structure is tetragonal and noncentrosymmetric, information about the unit cell
is summarized in Table Bl including fractional coordinates of atoms, multiplici-
ties and Wyckoff position letters of individual atom sites and occupancies of the
atoms. The structure is also plotted in Figure

Atom label Atom x y Z Multiplicity and Occupancy
Wyckoff letter
Cel Ce 0 0 O 2a 1/8
Ce2 Ce 0 O 0.644 4e 1/4
Ce3 Ce 0 05 0.25 2a, 1/8
Col Co 0 O 0.106 4e 1/4
Co2 Co 0 O 0.54 4e 1/4 -0.43
SilD Si 0 O 0.53 4e 1/4 - 0.57
Sil Si 0 05 0.715 4f 1/4
Si2 Si 0 05 0.573 4f 1/4
Si3 Si 0 O 0.176 4e 1/4
Sid Si 0 0.5 0.073 4f 1/4

Table 3.1: Detailed information about unit cell of the studied CeCog 71551 285
compound, x, y and z are the fractional coordinates of atoms.

To further confirm the above—-described crystal structure X-Ray powder diffrac-
tion experiments, see Section [2.2.2] were performed on numerous pieces from var-
ious parts of JM004 and JMO18 ingots. Rietveld refinement, see Section 2.2.2]
was carried out using the experimental data. The agreement was acceptable —
Rp factor usually approximately 15 — but more importantly no foreign phase
diffraction peaks were observed.

To obtain further information about the phase purity of the studied crystals
experiments using a scanning electron microscope equipped with an EDX spec-
troscopy option were carried out, see Section 2221l On a well polished straight
plane of samples of our crystal numerous EDX spectra were obtained and analy-
sed including their spatial distribution (one dimensional — a so-called line scan or
two dimensional — a mapping) from which the spatial distribution of the present
atoms was derived. Typical results of EDX spectra analysis are summarized in
Table B2 for both JM004 and JM018. The results obtained for JM018 are (within
the margin of error) in agreement with the composition of CeCog 715515285 while
in the case of JM004 the results systematically differed from the CeCoq 715512 285
composition — this is well seen in line scan measurements, a typical one is dis-
played in Figure 3.3 The amount of cobalt is overestimated while the amount of
silicon is underestimated. Many mapping measurements were also carried out, all
showed a very good homogeneity of the samples used for further measurements
of physical properties, result of a typical mapping measurement (on either JM004
or JM018) is displayed in Figure 3.4
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(a) (b)

Figure 3.2: (a) Structure of CeCog 715512085 as determined by I. Cisarova, (b) the
same structure viewed from [100] direction.
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Figure 3.3: A distribution of Ce, Co and Si elements in CeCoq 715512085 crystal
JMO004 along a real space line obtained from a SEM/EDX measurement. Relative
concentration expected for CeCog 715512085 is marked on the vertical axis.
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Figure 3.4: Result of a SEM/EDX mapping measurement on JM018a sample.
(a) microscopic picture of the surface, (b) spatial distribution of Ce, Co and Si
elements and of only (c) Ce, (d) Co or (e) Si.
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Element Series norm. C Atom C. Error CeCog7155i5955

[wt. %] lat. %) (%] lat. %)
JMO004
Cerium  L-series 57.03 25.98 1.5 25.00
Cobalt  K-series 19.87 21.52 0.5 17.88
Silicon  K-series 23.10 52.51 1.0 57.13
JMO018
Cerium  L-series 56.21 24.41 1.6 25.00
Cobalt  K-series 17.00 17.56 0.5 17.88
Silicon  K-series 26.78 58.03 1.2 57.13

Table 3.2: Typical results of EDX spectra analysis of JM004 and JMO018 crystals.

For further measurements of physical properties samples of single crystals of
suitable shapes have been separated from the ingots using a fine wire saw for
cutting and Laue method, see Section 2.2.3] for a search for single crystals as
well as for determination of their orientation. To be as sure as possible (within
the limitations of available techniques) that our samples are single-grain we have
also measured a series of lauegrams (Laue diffraction patterns) while rotating the
sample around [100] axis, the whole series of patterns (together with simulated
ones) of JM018a sample is displayed in Figure B3l A slight misalignment of the
experimental data with the simulated pattern is unimportant since the purpose
of the experiment was the evaluation of ‘single—crystallinity’ of the sample.

3.3 Thermodynamic and Transport Properties

For thermodynamic characterization of the studied CeCog 715512285 compound
temperature dependence of its specific heat at constant pressure was measured
using the relaxation calorimetry as described in Section 22311 Results are dis-
played in Figure for both JM004 and JMO18 crystals. At high temperatures
a typical Debye behaviour is observed, see Equation [[L40. At low temperatures,
however, the JM004 exhibits two anomalies, at T, = 10.7K and at 7% = 9.8K,
while the JMO18 only one at Ty = 10.0K. The phase transition temperatures were
estimated as the points where the derivative with respect to temperature reaches
its maximum. For JMO018 we also show results of experiments with applied ex-
ternal magnetic field H|[[001], the transition is shifted to higher temperatures in
fields up 2T.

The least-squares fitting of a linear dependence to C'/T vs. T? data, accord-
ing to Equation [41] in a low temperature region (below the ordering tem-
perature) provides a value of Sommerfeld coefficient of v/ = 29mJ/molK? and
v = 34mJ /molK? for JM004 and JMO18, respectively.

As the non-magnetic analogue is not available for this compound, in order
to estimate the magnetic entropy connected to the observed transitions we sub-
tracted the part not related to the long range magnetic order by approximating
the ‘background’ by a smooth curve (specifically by a polynomial of 6" degree),
see Figure B.6 Via a numerical integration of the difference we were then able
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Figure 3.5: A series of lauegrams of CeCog 715512985 sample JMO018a measured
while rotating the sample around [100] axis, each pattern (a)-(h) differs from the
previous one by a rotation by an angle 7/2. (a), (e) Single crystal diffraction
patterns in [010] direction; (c), (g) in [001] direction. The green circles represent
simulated patterns for the appropriate structure and direction.
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Figure 3.6: Temperature dependence of specific heat of CeCoq 715512985 crys-
tals JM004 and JMO18 at low temperatures, including an approximation of the
‘background’ (which is not related to the long range magnetic order).
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to estimate the change in magnetic entropy associated with magnetic ordering as
AS" = 0.78] /molK = 0.14RIn2 and AS = 0.79J/molK = 0.14RIn2 for JM004
and JMO18 respectively, values are compared with Equation for s = 1/2 of
Ce*".

Using the 4-point method, see Section 2.3.2] the temperature and magnetic
field dependence of electrical resistivity has been estimated, results are displayed
in Figure B7 and Figure The anomaly at Ty (7%) visible in specific heat
data is observed in electrical resistivity as well, see insets in Figure B7 In the
case of JMO18 crystal, we observe a sharp drop of resistivity at the magnetic
ordering temperature Ty = 10.0K, the dependency is isotropic. Similar behaviour
is observed in the case of JM004 crystal with current applied in the basal plane,
however, the electrical resistivity of this crystal is anisotropic and for current
applied along c-axis (J]|[001]) we observe different behaviour. Firstly, we observe
a shallow maximum at approximately 290K and, secondly, below the ordering
temperature T}, = 10.7K the resistivity increases, see inset in Figure 3.7

First measurements of electrical resistivity under external hydrostatic pressure
were carried out by J. Prokleska. The obtained temperature dependencies were
similar to the one at atmospheric pressure, see Figure B, only the magnetic
ordering anomaly was shifted continuously to lower temperatures, the obtained
evolution of the ordering temperature 7Y with pressure is displayed in Figure
Assuming the typical phase diagram of cerium-based ternary compounds, such
as the one in Figure al we speculate that the magnetism might be suppressed
at pressures of approximately 6-7GPa, see inset in Figure

3.4 Magnetic Properties

Using MPMS, see Section 2.4l or PPMS with VSM option, see Section 2.3 we
have thoroughly studied magnetization (and susceptibility) of the CeCog 715512 285
under various conditions, i.e. various magnetic fields and temperatures. The
magnetic ordering at Ty = 10.0K and 7}, = 10.7K is manifested as an inflection
point in temperature dependence of magnetization in small magnetic fields in
both JM004 and JMO18 crystals, see Figure for JM004. To determine the
nature of the ordered state below Ty measurements of magnetization curves at
low temperatures in low fields were performed, results at 1.8 K are plotted in
Figure together with field dependence of electrical resistivity. Below Ty the
compound exhibits a strong hysteresis of magnetization with respect to varying
magnetic field or temperature (see Figure [B.J) as well as a strong anisotropy
with easy axis corresponding to the [001] direction. The magnetization is almost
unchanged above 1T and changes only slightly linearly up to 7T. Experiments
at higher fields by D. Gorbunov show that the magnetization of JMO018 is almost
unchanged above 1T and increases only slightly linearly up to 0.3ug/Ce at 45T
for H||[001] and for H||[100] (hard magnetization axis) magnetization increases
non-linearly up to 35T at which it equals to the magnetization with H||[001] and
the both curves then continue together up to 45T(]. The saturated value of magne-
tization at 1T is considerably reduced — 0.26 5 /Ce for JM004 and 0.21pup/Ce for
JMO018 — with respect to the free Ce®" ion value of saturated magnetic moment

'D. Gorbunov, personal communication
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Figure 3.7: Temperature dependence of electrical resistivity in zero magnetic
field of CeCoq 715519.085 With electric current applied in both J||[100] and J||[001]
direction.
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Figure 3.8: Evolution of the ordering temperature T of the JM004 crystal of
CeCoq 715512085 With pressure.

i~ 2.14up, see Equation [l

Besides, the compound exhibits quite interesting behaviour in small magnet-
ic fields below 0.5T. As can be seen in Figure B.I1], the compound undergoes
numerous magnetic phase transitions when magnetic field is applied in H||[001]
direction. Below the temperature of 11.0K firstly two phase transitions appear
at 34mT and 18mT (for JM004). Further on, with decreasing temperature the
transitions shift to higher magnetic fields and new transitions appear. At tem-
peratures below 2.5K the number of transitions is again reduced while still being
shifted to higher magnetic fields. As shown in Figure [B.10 the numerous magnetic
phase transitions are also manifested in magnetic field dependence of electrical
resistivity, however, the step-like behaviour is more pronounced in the magneti-
zation data.

As shown in Figure BI2] at high temperatures (200K < 7' < 350K) tem-
perature dependence of magnetic susceptibility of CeCog 715515085 can be fitted
by the Curie-Weiss law, see Equation It should, however, be stated that
a small but non-negligible deviation of the data is observed at high tempera-
tures with field H||[001] for JM004 crystal. Least-squares fits of the Curie-Weiss
law for magnetic field applied in [001] direction yield effective magnetic moments

[ler

of pee = 2.8up/Ce and ule|§ = 2.55up/Ce and paramagnetic Curie-Weiss tem-

peratures of Hl‘o‘c’ = —276K and Qllglc = —263K of JMO004 and JMO18 crystals
respectively. For field applied in [100] direction the effective magnetic moment is

,u‘e‘;/ = 3.97up/Ce and ,u‘e‘; = 3.47ug/Ce and paramagnetic Curie-Weiss tempera-
ture GIUM = —928K and Gga = —T766K respectively. In comparison to the value of
effective magnetic moment of the free Ce®" ion pieg ~ 2.54u5, see Equation 5
the values of the moment are unrealistic and the behaviour can not be described

using the Curie-Weiss model. Still, the large negative values of the paramagnetic

36



D —

H || [001
0.20 | Cooling 11001

u,H = 100mT
¢ IMO004 |

%
Heating

(ZFC)

0.15

H (pg/fu)

0.05

1

5 10 15 20

0.00

Temperature (K)

Figure 3.9: Temperature dependence of magnetization of CeCog 715515085 crystal
JMO004 in small magnetic field showing thermal hysteresis.

Curie-Weiss temperature ¢, show predominance of antiferromagnetic interactions.

3.5 Magnetic Structure

The magnetic structure was determined via single crystal neutron diffraction
experiments, see Section 2.2.4] in cooperation with Milan Klicpera and Bachir
Ouladdiaf from ILL. Firstly, some preliminary diffraction experiments were car-
ried out using a Laue single crystal diffractometer CYCLOPS in order to select
a truly single grain crystal and orient it for further measurements. The inves-
tigation confirmed good crystallinity of the sample, from experiments at low
temperatures first estimations of the propagation vector of the CeCog 715512085
compound were made.

Experiments on the D10, see Figure 2.4] were then performed. After properly
installing and orienting the sample in the instrument we searched for the propa-
gation vector by performing scans along certain lines in the reciprocal space, see
Section [L2T], at temperatures well above (7' = 20K) and well below (7" = 1.5K)
the ordering temperature Ty = 10.0K. Such scans were performed along [00/] with
[ € (1.0;10.0); [h00] with h € (0.5;2.5); [hhO], [hhh] and [hOA] with h € (0.5; 1.5)
and [12{] with [ € (3.0;11.0). Since intensities of nuclear and magnetic diffrac-
tions are additive one is able to determine which diffractions are from the mag-
netic structure by comparing the spectra above and below the magnetic ordering
temperature. Unfortunately, since the size of the cerium magnetic moments of
the studied compound is significantly reduced, see Figure B.I0, the intensities
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Figure 3.10: Magnetic field dependence of magnetization of CeCog 715512 285 crys-
tals JM004 and JMO018 at 1.8K with field applied in both [100] and [001] direction.
Field dependence of electrical resistivity of JM004 is shown as well.
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see Equation
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Figure 3.13: Line scan in reciprocal space along [h00] direction at temperatures
(a) T'= 1.5K and (b) T" = 20K showing the (100) diffraction at lower temperature.

of magnetic diffractions were much lower than those of the nuclear diffractions.
Therefore, if there were any peaks from diffraction on magnetic structure sitting
on top of the peaks from diffraction on crystal structure we were unable to deter-
mine them. We have, however, been able to observe certain diffraction peaks at
positions where the nuclear ones are forbidden by symmetry, such as the (100).
It was observed at T' = 1.5K but not at 7" = 20K, see Figure 3.I3] and is obvi-
ously of magnetic origin. Another example is the (111) diffraction for which we
also measured temperature dependence of intensity. The results are plotted in
Figure 3.14] and show that the intensity monotonously decreases and disappears
in the background above the ordering temperature Ty = 10.0K. We therefore
conclude that the crystallographic and magnetic unit cell have the same size and
that the probable propagation vectors are k = (001) and k = (100).

As a next step, we performed experiments measuring further diffractions which
are forbidden structurally but are present and therefore originate in the magnetic
structure. We obtained intensities of the total of 93 diffractions. In order to obtain
correct absolute values of the magnetic moments we also performed measurements
of nuclear diffractions in the paramagnetic region and obtained intensities of 78
nuclear diffractions. Not all of the diffractions were independent and for further
data analysis we first had to calculate intensities of various independent nuclear
and magnetic diffractions. For this we used the program DataRed from the
FullProf Suite and obtained intensities of 18 and 16 independent diffractions out
of the 93 and 78 diffractions measured, respectively. The input files for DataRed
were *.col and *.red and the output were *.int and *.out, some of the files we used
can be found in Appendix[Al The files *.int include the integrated intensities of the
measured independent diffractions and are further used as the only experimental
data files.

Subsequently, the data obtained in the paramagnetic region containing inten-
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Figure 3.14: Temperature dependence of the intensity of the (111) diffraction
including the estimated background. The dotted line shows the ordering temper-
ature Ty = 10.0K.

sities of the nuclear diffractions have been successfully fitted using the Rietveld
method, see Section 2.2.2] with the structure obtained from the single X-Ray
diffraction experiments, see Section The fitted parameters were the frac-
tional coordinates and the new refined values differed from the ones from single
crystal X-Ray diffraction by less than 1%.

As a final step, the intensities of magnetic diffractions were fitted. In order
to obtain correct values of the magnetic moments the scale factor and structural
parameters of such fit must be constrained to have the same values as their
nuclear counterpart [47]. Assuming the two propagation vectors k = (001) and
k = (100), which we consider the most probable ones, we performed following
calculations. It should be stressed that following analysis is only a speculation
and some other scenarios are not excluded.

Using the Baslreps program from the FullProf Suite we firstly separated the
little group Gy, into orthogonal irreducible representations D), see Equation [[27],
and then calculated their basis functions Vak,gj, for details see Section
The basis functions for the k = (001) case are summarized in Table The
Baslreps program uses the procedure provided within the program KAREP [60],
the input file for the Baslreps is *.smb, the output files are *.bsr and *.fp, some
of the files we used can be found in Appendix [Bl Using the content of *.fp, i.e.
the basis functions VakW"L], we tried to fit the experimental data via the C,,,
coefficients in Equation using various combinations of basis functions but
were unable to find a solution that would both express the experimental data and
be realistic from physical point of view. The lowest Ry agreement factor (24) was
obtained for a structure with propagation vector k = (001), Ce(2) moments along
c-axis and Ce(3) in basal plane but the size of certain cerium moments was then
unrealistically large (three times as much as the free Ce®" ion value of saturated
magnetic moment g ~ 2.14up). As mentioned above, we measured magnetic
diffraction peaks at positions where the nuclear ones are forbidden by symmetry.
This, however, significantly (and systematically) reduced the available reciprocal
space. Specifically, for the selected scenario, magnetic diffractions on the Ce(1)
site follow the same extinction rules as the nuclear ones and no information about
the Ce(1) magnetic moment is present in the acquired data. The results are also
summed up in experimental report [61].
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Table 3.3: Basis functions V"

a7m7]

of possible magnetic structures of different cerium

sublattices of the studied compound for propagation vector k = (001). Each
function is written with the according orthogonal irreducible representation D®).
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4. Discussion

Using the modified Czochralski pulling method, see Section 2], we have success-
fully grown two crystals, labelled JM004 and JMO18, of a novel CeCog 715512085
compound and determined its structure. It crystallizes in the I-/m2 (Nr. 119)
space group noncentrosymmetric tetragonal structure with extremely elongated
unit cell (¢ = b = 4.12A and ¢ = 32.84A). The two crystals differ only slightly in
Co/Si composition, see Table B2 probably on the Co2/SilD position in the cell,
see Table B.I] and we speculate that there is some region in the ternary phase di-
agram from which different (but close) compositions can be prepared, depending
on the exact initial composition and crystal growth conditions.

Quite interestingly, the CeCog 715512985 structure can be seen as constituting
of three building blocks framed by cerium atoms, see Figure B.2] with the middle
block being the ThCr,Siy unit cell, see Figure[Il which is derived from the BaAly
structure and is similar to the BaNiSns. The BaNiSns is a structure of the
CeCoGeg compound which is quite important since (as will be explained later)
the magnetic behaviour of CeCoGes is similar to the behaviour of the studied
CeCog.715512.085. The size of the middle block of CeCog 71551z 285 i 4.12A x 4.12A x
9.46A which is comparable to the size of the unit cell of CeCoGes (a = 4.319A, ¢ =
9.829A [10]). When looking at the other two building blocks we also see some
similarities to the ThCrsSi, or BaNiSng, for example the nearest Si and Co/Si
atoms surrounding the Ce(1) atom at (000) position are in similar positions as in
ThCr,Sis or BaNiSns structures.

The compound orders magnetically at 73, = 10.7K and Ty = 10.0K for JM004
and JMO18 crystal, respectively. The JM004 then undergoes one more succes-
sive transition at 7" = 9.8K. We interpret this as that the JMO018 transits
directly to the magnetically ordered ground state while the JM004 transits via
some intermediate phase with different magnetic order than the ground state.
Both transition are very well visible in the specific heat data, see Figure
Under application of external magnetic field the transitions are shifted to high-
er temperatures which is the behaviour usually observed in ferromagnets, we
can speculate that the applied field of hundreds of mT is already so large that
the compound is no longer in the antiferromagnetically ordered state but al-
ready in some field-induced ferromagnetic state. The estimated magnetic entropy
gain AS = 0.14RIn2 associated with the transition is quite reduced when com-
pared to the theoretical value which stems from the number of unpaired electrons
present in the Ce*™ cation AS,,,, = Rln(2s + 1), see Equation [[43. In the
temperature region below the ordering temperature the Sommerfeld coefficient
(Equation [L4T]) has been estimated as v = 29mJ/molK? and v = 34mJ/molK?
for JM004 and JMO18, respectively, the compound is therefore not in a heavy-
fermion state. The Sommerfeld coefficient is comparable to the value reported for
CeCoGes, YceCote; = 32mJ/molK?, the entropy gain, however, is much smaller,
AScecoge; = 0.68In2 [10]. We attribute the low value of the magnetic entropy
gain to a significant reduction of the cerium magnetic moment (in comparison to
the free Ce®" ion value) which will be discussed later.

The temperature dependence of electrical resistivity, see Figure B.7], exhibits
behaviour similar to the one of CeCoGes — it remains almost unchanged from
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room temperature down to temperatures around 150 K and then decreases steeply.
In the case of JMO18 crystal the magnetic ordering temperature Ty = 10.0K is
clearly marked by a change of slope of resistivity and the dependency is isotropic.
The absolute values of resistivity for J||[001] are about three times higher than for
J||[100]. This is quite interesting and as a possible explanation we may consider
the following scenario: the JMO018 samples were not annealed and the transport
properties therefore see a certain difference in Co/Si occupation in various lay-
ers along ¢ direction whereas in a direction the structure is homogeneous. This
scenario is, however, highly speculative.

The first pressure experiments revealed that the magnetic ordering is sup-
pressed by application of external pressure, see Figure The ordering temper-
ature T is gradually lowered and we speculate that at pressures around 6-7GPa
the magnetic order might be suppressed completely and superconducting ground
state might appear (as is quite common in cerium-based ternaries). Since the
observed behaviour is very interesting, the development of 7}, under higher pres-
sures is being further investigated by J. Valenta within the course of his PhD
thesis.

Below the ordering temperature in external magnetic field the magnetization
of the studied compound CeCoq 715515085 exhibits the step-like behaviour simi-
lar to the behavior of the so-called ‘devil’s staircase’ systems (e.g. CeSb [9],
CeRh;3Siy [62], CeCoGes [10], ete.). At fields of 1T the magnetization is more or
less saturated and increases only slightly linearly with field H||[001] up to 45T.
When the field is applied in basal direction (along the hard magnetization axis)
the magnetization increases very slowly linearly and exhibits none of the low-field
step-like behaviour observed in H||[001] experiments, see Figure Such uni-
axial anisotropy is observed in the CeCoGejs as well and in this compound it stems
from the anisotropic magnetic structure with moments oriented along the [001]
direction, see Figure £2 The hard axis magnetization above 7T increases quite
steeply and non-linearly and at field of 35T equals to the easy axis magnetiza-
tion. Concerning the absolute size of the magnetization its saturated value at 1T
is considerably reduced — 0.26up/Ce for JM004 and 0.21u5/Ce for JM018 — with
respect to the free Ce®" ion value of saturated magnetic moment g ~ 2.14up,
see Equation The reduction of magnetic moment size is quite common in
Ce-based ternary intermetallics but usually magnetic moment of around 1.0ug is
observed. Here the magnetic moment reduction is more significant and, as in the
case of CeCoGes [63] in which ordered moment of around 0.4up is observed, we
attribute it to hybridization between localized Ce3* f electrons and the conduc-
tion band. The studied compound also shows a ferromagnet-like magnetization
curve with strong hysteresis and remanent magnetization only marginally reduced
with respect to saturated magnetization. It also exhibits hysteresis with respect
to varying temperature, see Figure 3.9

As shown in Figure at high temperatures, 200K < 7" < 350K, tempera-
ture dependence of magnetic susceptibility of CeCog 715512985 can be fitted by the
Curie-Weiss law, see Equation L2l A small but non-negligible deviation of the da-
ta is observed at high temperatures with field H||[001] for JM004 crystal. Results
of the least-squares fit of the Curie-Weiss law, the effective magnetic moments
and paramagnetic Curie-Weiss temperatures, are summed up below in Table [4.1]
for fields applied both along a- and c-axis. The values of effective moments are as
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Figure 4.1: Magnetic phase diagram of CeCog 715512285 crystals (a) JM004 and (b)
JMO18 based on experiments measuring the temperature dependence of specific
heat C,(T") and field dependencies of magnetization p(H ) and electrical resistivity

p(H).

large as 3.97up and in comparison to the value of effective magnetic moment of
the free Ce®" ion preg =~ 2.54/up, see Equation [LH] are unrealistic. The behaviour
of the compound thus can not be described using the Curie-Weiss model. Still,
the large negative values of the paramagnetic Curie-Weiss temperature ¢, show
predominance of antiferromagnetic interactions.

The most interesting feature of the studied compound, however, is the above
mentioned step-like behaviour of magnetization, i.e. the successive metamagnetic
transitions, in small fields pgH < 0.5T applied along the c-axis. Below the
temperature of 11.0K firstly two phase transitions appear at 34mT and 18mT
(for JM004), further on, with decreasing temperature the transitions shift to
higher magnetic fields and new transitions appear. At temperatures below 2.5K
the number of transitions is again reduced while still being shifted to higher
magnetic fields. As shown in Figure[3.10 the numerous magnetic phase transitions
are also manifested in magnetic field dependence of electrical resistivity, however,
the step-like behaviour is more pronounced in the magnetization data. Based on
the experiments measuring the temperature dependence of specific heat and field
dependencies of magnetization and electrical resistivity we constructed a magnetic
phase diagram, see Figure LIl in a similar fashion to the one of the CeSb in
Figure [l

The above—described magnetic behaviour suggests a series of consequent mag-
netic structures with increasing field, such as the ones in CeCoGey [63] or CeSb
which are described by a periodic stacking of zero magnetized and ferromag-
netic planes with parallel or antiparallel magnetization. For CeSb they are at
low temperatures described with propagation vectors k = 4/7(+ + — — + + —),
k=2/3(+4—) and k = 0 [24]. The next logical step therefore was to investigate
the magnetic structure of the studied compound with appropriate experiments
which in our case was the neutron diffraction.

Neutron diffraction experiments were performed at ILL on single-crystal four-
circle diffractometer with three-axis energy analysis (D10). The experiments con-
firmed good crystallinity of the sample and confirmed the structure determined
from the X-Ray diffraction experiments. In paramagnetic and ordered state, we
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were able to obtain 93 (18 independent) nuclear and 78 (16) magnetic diffractions,
respectively. The temperature dependence of (111) diffraction, see Figure BI4]
showed agreement of the diffraction experiments with magnetic ordering observed
in bulk properties at Ty = 10.0K.

From experiments at low temperatures first observations about the magnetic
structure were made. Firstly, the magnetic unit cell has the same size as the crys-
tal one and possible propagation vectors are k = (001) and k = (100). Secondly,
the size of the cerium moments is very much reduced (which is an assumption
already made based on measurements of magnetization) and therefore so is the
intensity of diffractions on the periodic magnetic structure. This complicates the
magnetic structure determination since only the magnetic diffractions on posi-
tions where the nuclear ones are forbidden by symmetry, such as the (100) in
Figure BI3] could have been measured (due to the very high but still not suffi-
cient precision of the experiment). This in turn significantly (and systematically)
reduced the size of the explored reciprocal space and if the propagation vector
was truly k = (001) also caused that no information about the Ce(1) magnetic
moments is present in our experimental data.

The lowest Rp agreement factor (24) was obtained for a structure with propa-
gation vector k = (001) and Ce(2) moments along c-axis and Ce(3) in basal plane.
However, the size of certain cerium moments was then unrealistically large and
this scenario is also in contrast to the usual magnetic structure of similarly be-
having cerium compounds, such as the CeCoGegs, see Figure

The described neutron experiment was an initial one and did not give any
definite conclusion about magnetic structure of the studied CeCog 715512.985. It
proposes a few scenarios and further investigation is necessary. A continuation
proposal for further single crystal neutron diffraction experiments has already
been submitted.

All of the above—described properties of JM004 and JMO018 crystals are summed
up in Table @11
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Figure 4.2: (a) Structure of CeCog 715512085 as determined by 1. Cisarova, (b)
magnetic structure of CeCoGes at T" = 14K , 10K and 2K as determined in
Ref. [63]. Cerium atoms are displayed in red.

property JMO004 JMO018
Ce/Co/Si content | 26.0 / 21.5 / 52.5 % | 24.4 / 17.6 / 58.0 %
Tora 10.7 /9.8 K 10.0 K
0 29mJ /molK? 34mJ/molK?
AS 0.14RIn2 0.14RIn2
g in 1T 0.26up/Ce 0.21up/Ce
ML‘; 2.8up/Ce 2.55u/Ce
ol —276K —263K
,u‘e‘f}l 3.97up/Ce 3.47ug/Ce
ol —928K —766K

Table 4.1: Sum of physical properties of JM004 and JMO18 crystals of
CeCog.715512.285-
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Conclusion and Outlook

Using modified Czochralski pulling method we have successfully grown single
crystals of a novel CeCog 715515085 compound and characterised its crystallograph-
ic structure, thermodynamic, transport and magnetic properties and performed
first experiments studying its magnetic structure. The compound exhibits some
interesting magnetic behaviour similar to a (structurally-close) CeCoGez which
probably stems from a quite uncommon magnetic structure.

The compound crystallizes in the I-4m2 space group structure with extremely
elongated unit cell (a = 4.13A ¢ = 32.84A) containing BaAl, structural patterns
including a complete ThCr,Siy unit cell. In zero magnetic field it orders antifer-
romagnetically at Ty = 10.0K, the change of magnetic entropy connected to this
ordering is AS = 0.14RIn2. The Sommerfeld coefficient at low temperatures has
been estimated as 7 = 34mJ/molK?. The magnetic ordering is clearly observed
in specific heat, resistivity and magnetization data.

The magnetization of the compound is anisotropic and at low temperatures
the compound exhibits a ferromagnet-like magnetization curve with strong hys-
teresis and remanent magnetization only marginally reduced with respect to sat-
urated magnetization. It also exhibits hysteresis with respect to varying temper-
ature. Under application of small magnetic fields (B < 0.5T) along the c-axis it
manifests numerous magnetic transitions resembling the so-called ‘devil’s stair-
case’ behaviour (e.g. CeSb, CeCoGes). With decreasing temperature the tran-
sitions shift to higher magnetic fields, at temperatures below 2.5K the number
of transitions is reduced while still being shifted the same way. Based on the
experiments measuring the temperature dependence of specific heat and field de-
pendencies of magnetization and electrical resistivity a magnetic phase diagram
has been constructed.

At high fields applied along the c-axis the magnetization remains almost con-
stant and increases only slightly linearly in fields up to 45T. The saturated value
of magnetization at 1T is considerably reduced (0.21up/Ce) with respect to the
free Ce*™ jon value of saturated magnetic moment. For fields applied along the
a-axis typical behaviour for the hard axis in a material with uniaxial anisotropy
is observed. At high temperatures the inverse susceptibility is linear with tem-
perature, however, the behaviour can not be described using the Curie-Weiss
model.

Results of first single crystal neutron diffraction experiments indicate that the
magnetic unit cell has the same size as the crystal one and possible propagation
vectors are k = (001) and k = (100). However, due to a significantly reduced size
of the cerium moments the magnetic structure experiments are quite complicated
and further measurements need to be performed before conclusions about the
magnetic structure can be made.

In the future, further development of the compound’s ordering temperature
with applied external pressure will be studied together with the possibility of
a superconducting ground state emergence. Also a continuation proposal for
further single crystal neutron diffraction experiments has been submitted in order
to clarify the magnetic order behind the curious behaviour of CeCoq 715512.285-
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39
32
84
95
36
52

11
.23
12.
16.
16.
17.
19.
22.
23.
24.
25.
27.
29.
35.
35.
36.
37.
39.

41
65
83
86
79
41
98
37
52
36
81
08
39
32
84
95

39.
37.
35.
35.
35.
36.
37.
39.
27.
25.

90.

95
84
39
08
39
32
84
95
36
52

0000

.86
.86
.86
.86
.16
.96
.44
.69
.91
.50
.16
.02
.34
.83
.72
.47
.00
.17

25.
27.
30.
31.
32.
32.
32.
31.
14.
14.

25
28
72
83
42
45
00
18
20
16

90.0000

162.
-17.
162.
-17.

68.
113.
125.
-63.

73.
-88.

53.
177.
-38.
111.
119.

55.
-87.
120.

-140.
-134.
-119.
-111.
-102.
-94.
-87.
-80.
45.
53.

37
63
37
63
34
22
48
81
72
99
78
88
10
29
50
45
09
06

60
31
50
29
92
76
09
11
07
78

I = = T = T = T = =SS

.73
.73
.75
.72
.75
.76
.73
.73
.72
.72



B. Baslreps Input and Output
Files

cecosi_mag.smb

TITLE CeCoSi

SPGR I -4 m 2

KVEC 0.0000 0.0000 1.0000 X

BASIR AXIAL CEL

ATOM Cel Cel 0.00000 0.00000 0.00000
ATOM Ce2 Ce2 0.00000 0.00000 0.64610
ATOM Ce3 Ce3 0.00000 0.50000 0.25000

cecosi_mag.fp (first 36 lines)

The group of lines starting with the symbol of space groups and
finishing with the last keyword BASI, may be pasted into the PCR file

=> Basis functions of Representation IRrep( 4) of dimension 1 contained 1 times in GAMMA
Representation number : 4 for Site: 1
Number of basis functions: 1

————— Block-of-lines for PCR start just below this line

I-1 <--Space group symbol for hkl generation
! Nsym Cen Laue Ireps N_Bas

1 1 1 -1 1

! Real(0)-Imaginary(1l) indicator for Ci

0

SYMM x,y,z

BASR 0O 0 1
BASI 0O 0 O
————— End-of-block of lines for PCR

=> Basis functions of Representation IRrep( 5) of dimension 2 contained 1 times in GAMMA
Representation number : b for Site: 1
Number of basis functions: 2

————— Block-of-lines for PCR start just below this line

I-1 <--Space group symbol for hkl generation
! Nsym Cen Laue Ireps N_Bas

1 1 1 -1 2

! Real(0)-Imaginary(1l) indicator for Ci

0 O

SYMM x,y,z

BASR 1 1 0 -1 1 O

BAST 0 0 O O 0 O

————— End-of-block of lines for PCR

o7
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