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Priprava monokrystali ze sérii Ex2Ti2-2xZr2xO7 a LuzTi2-2xZr2xO7 pro experiment

neutronové difrakce

studentsky projekt 2021/2022 kvéten
Uvod:

Kubické vzacno-zeminné oxidy jsou systematicky studovany pro jejich ¢asto exotické krystalografické
a elektronové vlastnosti. V téchto materialech byly pozorovany rozmanité zakladni stavy, magnetické
struktury, a pfedpovidany komplexni elektronové, magnetické a dokonce topologické vlastnosti
uréené vzajemnym pusobenim elektron-elektronovych korelaci a spin-orbitalni interakce.
Geometrické frustrace magnetickych momentt na krystalografickych pozicich (Obr. 1) rovnéz nabizi
siroké pole pro védecka zkoumani téchto oxidl. Zajemce o projekt bude o studované problematice

dikladné informovan vedoucim projektu.

Cile:

Cil projektu spociva v pripravé monokrystali ze sérii Er2Tiz2-2xZr2xO7 and LuzTiz-2xZr2xO7 (0 < X
< 1) a jejich zakladni charakterizaci. Tyto materialy budou studovany pomoci neutronového rozptylu
v JRR-3, Tokai, Japonsko. Piislusny experiment neutronové difrakce je pfijat k realizaci; predb&ézny
termin uskute¢néni experimentu: podzim 2022. Hlavnim cilem zminéného experimentu je sledovat

vyvoj krystalové struktury v ramci studovanych sérii (Obr. 2).

Metodologie:

Monokrystaly budou pfipraveny z prekurzort — stechiometricka smés oxida Er202, Lu203, TiO2a ZrO>
— Svyuzitim optické/laserové pece a tzv. metody plovouci horké zony. Nastroje pro piipravu
prekurzori a zminéné pece jsou k dispozici na pidé MGML.eu a Katedry fyziky kondenzovanych
latek. Piipravené materialy budou charakterizovany pomoci praskové a Laueho rentgenové difrakce,
elektronového mikroskopu, ptipadné na nich bude provedeno méteni magnetizace a mérného tepla.
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Obr. 2. Schematicky fazovy diagram strukturnich typti v pfipravovanych sériich.Sipky
naznacuji pfechod mezi strukturnimi typy ve studovanych materidlech.

Vice informaci: RNDr. Milan Klicpera, Ph.D.

mi.klicpera@mag.mff.cuni.cz
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Geometricky frustrovana miiz 227 oxidu — analyza experimentalnich dat

studentsky projekt 2021/2022 kvéten
Uvod:

Kubické vzacno-zeminé oxidy A2B>07, kde A znaci vzacnou zeminu a B je pfechodovy kov nebo prvek
z hlavni skupiny, jsou systematicky studovany pro jejich Casto exotické krystalografické a elektronové
vlastnosti. V téchto materidlech byly pozorovany rozmanité zakladni stavy, magnetické structury,
a predpovidany elektronové, magnetické a dokonce topologické vlastnosti urcené vzajemnym
pusobenim elektron-elektronovych korelaci a spin-orbitalni interakce. Geometricka frustrace
magnetickych momentd na krystalografickych pozicich A a/nebo B rovnéz nabizi Siroké pole pro

védecka zkoumani téchto oxidu.

Cile:

Projekt spoc¢iva v z&kladni charakterizaci nové prFipravenych polykrystali a zejména
monokrystali z rodiny A2B207, konkrétné Er2Zr207, Tm2Zr207 a Yb2Zr,07. Dilezity cil predstavuje
analyza dat Laueho neutronového rozptylu.

Metodologie:

Pfipravené materialy budou charakterizovany metodami rentgenové difrakce a skenovaci
elektronové mikroskopie. Experimentalni data budou analyzovana a zpracovana v programu
FullProf. Data ziskana z experimentu neutronové difrakce (Obr. 1) budou analyzovéana programem
Esmeralda Laue suite.

Obr. 1: Laue neutronova difrakce a simulace reflexi monokrystalu Er,Ti2O.

Vice informaci: RNDr. Milan Klicpera, Ph.D. mi.klicpera@mag.mff.cuni.cz
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Priprava monokrystala ze série A2lr207 (A = prvek vzacnych zemin: La - Lu)

studentsky projekt 2021/2022 kvéten
Uvod:

Kubické vzacno-zeminné oxidy jsou systematicky studovany pro jejich ¢asto exotické krystalografické
a elektronové vlastnosti. V téchto materialech byly pozorovany rozmanité zakladni stavy, magnetické
struktury, a piedpovidany komplexni elektronové, magnetické a dokonce topologické vlastnosti
uréené vzajemnym pusobenim elektron-elektronovych korelaci a spin-orbitalni interakce.
Geometricka frustrace magnetickych momentt na krystalografickych pozicich (Obr. 1) rovnéz nabizi
Siroké pole pro védecka zkoumani téchto oxidt. Zajemce o projekt bude o studované problematice

dikladné€ informovan vedoucim projektu.

Cile:

Projekt cili na pfipravu vzacnozeminnych monokrystali A2lr2O7 (A = La - Lu) a jejich z&kladni
chemickou a strukturni charakterizaci. Jen n¢kolik A2lr.O7 oxidi bylo piipraveno ve formé
monokrystalu, pficemz studium pravé monokrystalll je zasadni pro plné pochopeni ¢asto komplexnich
a exotickych vlastnosti téchto materiald. Pripravené monokrystaly budou studovany laboratornimi
metodami, napf. magnetizace, mérné teplo, elektricky odpor. Nésledné studium mikroskopickych
vlastnosti bude realizovano ve velkych vyzkumnych infrastrukturach; zejména rozptyl rentgenovych

paprskl (synchrotronového zareni) umoziuje detailni studium jejich chovani.

Metodologie:

Monokrystaly budou piipraveny pomoci tzv. metody rastu z fluxu — stechiometricka smés oxid A2O3
a IrO2 bude smichéna s vhodnym fluxem a reagovana pii vysokych teplotach. Nastroje pro piipravu
prekurzoru jsou k dispozici na pidé MGML.eu a Katedry fyziky kondenzovanych latek. Ptipravené
materidly budou charakterizovany pomoci praskové a piedev§sim Laueho rentgenové difrakce,

elektronového mikroskopu, a nasledné na nich bude provedeno méfeni magnetizace a mérného tepla.

Obr.l. Krystalova struktura
oxidu Axlr07, tzv. pyrochlorova
struktura.  a) mfiz  kationtu.
b) okoli kationtl tvofené anionty
kysliku a vakancemi.

Vice informaci: RNDr. Milan Klicpera, Ph.D. mi.klicpera@mag.mff.cuni.cz
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Testing the adiabatic demagnetisation cooling potential of the spin-liquid pyrochlore iridate
Pra2lr.0z

Adiabatic demagnetisation refrigeration is a niche method of cooling to very low temperatures, without
the need for complex cryogenic fluid systems. It utilises the entropy increase associated with a magnetic
material going from a field-polarised state, to a paramagnetic state, under adiabatic conditions, to drive
a temperature decrease.

For a material to have a reasonable cooling power, two things are required:

1. It must have magnetic ions with spins that remain dynamic down to extremely low temperatures
(<0.1K).

2. It should have a high density of magnetic ions.

Remaining dynamic is unusual, as interactions between spins typically cause the system to order into a
static ground-state (e.g. a ferromagnetic or antiferromagnetic state), or freeze into a disordered but static
state (a spin-glass) at a temperature similar to the interaction strength. Increasing the density of magnetic
ions, pushes the ions closer together which typically increases interaction strengths too.

Current industrially used materials are water containing rare-earth salts, with magnetic ions spaced far
apart to reduce the interaction strength. To increase cooling power, a higher density of magnetic ions is
needed. Frustrated magnets are systems that use the geometry of the magnetic lattice to prevent
magnetic order [1]. The pyrochlore iridate Pr2lr,O7 is a frustrated magnet that doesn’t magnetically

order [2], and this project will test it’s potential as an adiabatic demagnetisation refrigerant.
The project will involve:

1. Low-temperature magnetocalorimetry, to characterise the changes in magnetic entropy of
Pr2lr2O7 in zero-field, and when field is applied. The expected cooling power will then be
calculated (Fig. 1a).

2. Testing the ability to adiabatically cool by demagnetisation (Fig. 1b).

3. [Possible extension as Bachelor project] Synthesis of new Pr21r.O7 crystals, and other frustrated
magnets.

[1] Tokiwa, Y. et al. Frustrated magnet for adiabatic demagnetization cooling to milli-Kelvin
temperatures. Commun. Mater. 2, 42 (2021).

[2] Nakatsuji, S. et al. Metallic spin-liquid behavior of the geometrically frustrated kondo lattice
Pr2Ir207. Phys. Rev. Lett. 96, 087204 (2006).
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Fig. 1. a. The expected magnetic entropy behaviour of a frustrated magnet, with a shift of the entropy
to high temperature when a field is applied. b. the possibility to use the entropy change when switching

field to adiabatically cool a sample.

Project supervisors:  Milan Klicpera mi.klicpera@mag.mff.cuni.cz

Ross Colman ross.colman@mag.mff.cuni.cz

Jan Prokleska prokles@mag.mff.cuni.cz
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Can kitchen-chemistry help solve a cutting-edge physics problem?

Supervisor: Ross H. Colman

Magnetic materials are a nice playground for testing our understanding of physics, as relatively simple
interactions build up to complex magnetic properties, depending on how the magnetic atoms are
arranged in the material’s crystalline lattice. If we arrange the magnetic atoms such that the overall
interaction is frustrated, where pair-wise interactions can’t all
be satisfied at the same time, we often get unexpected ground-

> H
state properties. 5 &
One of these unusual magnetic ground-states, is a quantum- o o
spin-liquid. The quantum spin-liquid state is predicted for a
Kagome lattice of antiferromagnetically coupled low spin- Q@ cu

state ions, but the exact properties are notoriously difficult to
predict as they are strongly dependent on the method used for
the theoretical calculations.

One material, that has the right arrangement of ions to test the model in real-life is the mineral
Herbertsmithite, y-CusZn(OH)eClo. It can be synthesised as a single crystal by high-temperature
hydrothermal recrystallisation, and has been extensively studied since it was first prepared in 2006.

Despite 18 years of intensive study and more than 136 papers written about Herbertsmithite, the
ground-state still remains a contentious issue because of a small complication with the way the crystal
samples are grown. During the crystallisation process, the formation of defects is inevitable (e.g. Zn?*
and Cu?" swapping positions every now and again) [1,2]. These defects create a big problem in
magnetic property measurements, because at very low temperatures they dominate the observed
signals — masking the true physics of the Kagome lattice frustration and the properties of the quantum
spin liquid ground-state. Defects form in higher concentrations when the material is crystallised at high
temperatures, happening about once every 17 unit cells at the temperatures of the current crystal
synthesis route. If the crystals can instead be grown at room temperature, the defect concentration is
expected to be more than an order of magnitude

smaller.

T
An old, and rarely used crystal growth technique —
using slow diffusion through gels [3,4]- may be a Siow diffusion
solution to this problem. Initial tests using silicate =~ *™v& =) [ Ev}:fnéwlm
gels hasn’t worked due to sensitivity of the gel to E/ 1/ b
the pH level needed for the crystallisation. Instead, ... l 4 Cu 3
this project will attempt to use gelatin based gels " | z:2+

A &

(identical to that use in food preparation) to :



achieve crystal growth. An unrelated study has found that food gelatine may be just right for growing
the material we want [5]. The project will involve setting up an extensive series of tests using varying
gel thickness and solution concentrations. The tests will be monitored to identify the setup that leads
to the best crystals, and then will be used to prepare crystals with different Cu:Zn ratios.

The Cu:Zn ratio will be determined using crystallography and spectroscopic techniques, and defect
concentrations will be determined using temperature dependent magnetometry.

References:

[1]  A. Olariu, P. Mendels, F. Bert, et al., Phys. Rev. Lett. 100, 087202 (2008).

[2] D.E.Freedman, T. H. Han, A. Prodi, et al., J. Am. Chem. Soc. 132, 16185 (2010).
[3] A.R.Patel and A. Venkateswara Rao, Bull. Mater. Sci. 4, 527 (1982).

[4] L.Dong, T.Besara, A. Henderson, et al., Cryst. Growth Des. 17, 5170 (2017).

[5] C.J.S. Ibsen, B. F. Mikladal, U. B. Jensen, et al., Chem. - A Eur. J. 20, 16112 (2014).



Frustrated magnetism and magnetic cooling in NdMgAIl11019

Supervisor: Gaél Bastien

Magnetism is a fascinating research area, because it is a nice playground to study many body physics
and statistical mechanics, with potential uses in electronics, energy production or even refrigeration.

Frustrated magnets are magnetic materials where all the magnetic interactions cannot be
simultaneously satisfied, implying a competition between various magnetic phases. One of the most
studied examples of frustrated magnets is the triangular lattice antiferromagnet, consisting of magnetic
moments on a two-dimensional triangular lattice with magnetic interactions favoring opposite
alignment for neighboring spins (see Figure). In a few rare cases, such as the compound NdMgAl1101s,
the magnetic moments point preferably out of the plane of the triangles [1]. This anisotropy combined
with the magnetic frustration prevents the formation of an ordered state and it may lead to the
emergence of quantum states of matter such as a quantum spin liquid [2]. These magnetic states
are characterized by long range magnetic correlations and quantum entanglement despite an absence
of magnetic ordering. They may be relevant for applications in quantum computing.

Our preliminary characterization of magnetic properties of NdMgAI11019 down to 0.4 K revealed that

b c
a) :::: i::: 7 (b) ::? Z: B (e
(a) Triangular lattice antiferromagnet problem : It is not possible to align each magnetic moment in an
antiparallel direction compare to all his neighbors (b) 120° order, a common magnetic ground state of

triangular lattice antiferromagnets. (c) Case of NdMgAl;;0,9. The orientation of magnetic moments out of
the plane of triangles prevents from the formation of the 120° order.

the magnetic interactions are particularly weak in this system. Thus temperatures much below 0.4 K
are needed to test the possible occurrence of any correlated states such as magnetic order or quantum
spin liquids. On the other hand, this weakness of the magnetic interactions combined with the magnetic
frustration makes NdMgAIl11019 a promising compound for application to magnetic cooling from
about 2 K towards temperatures below 0.1 K [3].

The work will consist in:

1. Selection of a crystal of NdMgAl11019, orientation and geometry optimization via cutting and
polishing.



2. Specific heat measurements from 0.4 K to 20 K using a PPMS under various magnetic fields
(0to9T).

3. Specific heat measurements from 0.03 K to 1 K using the newly developed dilution refrigerator
in MGML (Triton). Magnetic fields up to 4T will be applied.

4. Extraction of the temperature and magnetic field dependence of the magnetic entropy. This will
allow an estimate of the magnetic cooling power and the minimum reachable temperature.

5. Production of a short experimental report.

This work can be continued as a bachelor thesis. Depending on the experimental results, it may be
extended with a proof of concept magnetic cooling experiments or it may consist of magnetization
measurements of NdMgAl11019 below 0.4 K to further characterize its magnetic phase diagram.

References:

[1] M. Ashtar, Y. X. Gao, C. L. Wang, Y. Qiu, W. Tong, Y. M. Zou, X. W. Zhang, M. A. Marwat, S.
L. Yuan, and Z. M. Tian, “Synthesis, structure and magnetic properties of rare-earth REMgAI11019
(RE=Pr, Nd) compounds with two-dimensional triangular lattice”” Journal of Alloys and Compounds
802, 146, (2019), https://doi.org/10.1016/].jallcom.2019.06.177.
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Thro, A. Ozarowski and A. Zorko, The Ising triangular-lattice antiferromagnet neodymium
heptatantalate as a quantum spin liquid candidate, Nature Materials 21, 416422, (2022),
https://doi.org/10.1038/s41563-021-01169-y
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Inspiration from the Heavens:

Crystal Growth of Meteorite-identified frustrated magnet FeAl1,019

Supervisors: Ross H. Colman and Gaél Bastien

Inspiration for interesting materials to study often comes from nature, where the planet has had millions
of years and a near limitless range of environments to prepare the vast catalogue of solid state
compounds that we call minerals. To go to an even greater extreme, new minerals can even be formed
off-world and identified in fallen meteorites. One such compound, Hibonite-(Fe) or Chihuahuaite
FeAl12019, was discovered in the Allende meteorite (Chihuahua, Mexico) [1] and has some potentially
interesting magnetic prop%rties — so the goal of this pgoject is to prepare a synthetic analogue of
FeAl12019 by solid state reaction and/or by floating zone crystal growth.,

Figure 1 : (a) Crystal structure of the
hexaaluminates (adapted  from
Reference [2]).

(b) Schematic view and photo of our
[floating zone furnace setup.

(¢c) Example of a prepared crystal
(CeMgAl11019), and crystal fragment
(NdMgAl11019).

Frustrated magnets are magnetic materials where all the magnetic interactions cannot be
simultaneously satisfied and thus compete with each other. In these materials a large variety of
magnetically ordered states and disorder states are possible, often with very small energy differences
between them. Interacting electric dipolar moments may also lead to similar frustration in compounds
with the magnetoplumbite crystal structure [2] and our recent work has revealed this phenomena in the
compound EuAl12019. The new compound FeAl12019 is expected to combine both a frustrated lattice
of electric dipoles and a frustrated lattice of magnetic dipoles and we expect both problems to be related
via a magnetoelectric coupling offering us the possible realization of exotic magnetoelectric phases.

Investigating the ground-state properties of these materials is best performed using single-crystals. The
work will consist of growth attempts of single crystal FeAl12019 by the floating zone technique [3].
Either using optical heating through focusing of IR light using parabolic mirrors, or by laser heating.
The total synthesis involves several preparative steps to first pre-synthesise polycrystalline material
through solid-state reactions of the oxides; prepare precursor rods through cold pressing; sinter the
precursor rods to increase density whilst also increasing structural strength; and finally shape them for
mounting within the floating zone furnace.



After the growth, the crystals will be characterized by x-ray diffraction and composition analysis to
confirm crystal quality, before characterisation of the magnetic and electric properties are undertaken.

References:
[1] Ma, C. H. I. Am. Mineral. 2010, 95, 188.
[2] S.-P. Shen, et al., Nature Communications 2016, 7.

[3] Alemayehu S. Admasu and Durga Sankar Vavilapa, https://arxiv.org/abs/2103.05587.
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