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Uplatnenie vysledkov projektu

Vysledky projektu maju vyznam v oblasti zakladného vyskumu kvantovych magnetov a
frustrovanych systémov.

Dékazom je vySe 100 citacii na ¢lanky publikované v obdobi rieSenia projektu 8/2018-
12/2022.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Projekt sa zaoberal Studiom vplyvu tlaku (Ciel 1), vplyvu rychlosti zmeny pola (Ciefl 2) a
vplyvu legovania (Ciel 3A) na vybrané kovové frustrované magnetické systémy (K-FMS) ako
aj Studiom ich anizotropie (Ciel 4), magnetickych excitacii (Ciel 5) a teoretickych modelov
(Ciel 6). Riesitelsky kolektiv z UEF SAV, v. v. i. a PF UPJS sa zaoberal realizaciou merani
makroskopickych vlastnosti a SP-STM (Ciel 3B) pomocou spolo¢nej infrastruktury, ako aj
teoretickou interpretaciou ziskanych vysledkov a modelovanim K-FMS.

Ciel 1: Na zaklade teplotnych (1.8-300 K) a pofovych (0-6 T) zavislosti elektrickej rezistivity
meranych pri réznom tlaku (0-3 GPa), bol podrobne skumany jeho vplyv na ErB4 (TN1 =
15.5 K)a HoB4 (TN1 = 7.4 K) a porovnany s predoSlymi meraniamina TmB4 (TN1 = 11.7
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K). Zistilo sa, Ze v pripade ErB4 rastie kriticka teplota TN1 vplyvom rastuceho tlaku 8-krat
pomalsie ako u TmB4 resp. HoB4, pricom ide o systémy s rovnakou kryStalovou a
elektrénovou Struktarou. V pripade HoB4, velkost TN2 klesa s rastucim tlakom, ¢o je
opacné spravanie ako v pripade TN2 TmB4. Zaroven bol po prvykrat Studovany vplyv
jednoosového tlaku na interakciu medzi spinmi v Shastryho-Sutherlandovej mriezke (SSL)
TmB4 meranim magnetizacie do 0.3 GPaav polido 7 T.

Ciel 2: Bol podrobne Studovany zakladny stav a stabilita zlomkového platé s hodnotou
M/MSAT = 1/8 (FPP — Fractional Plateau Phase) v TmB4. Merania magnetizacie (M)
ukazuju, Ze stavy FPP su termodynamicky stabilné, ked je vzorka chladena v konStantnom
magnetickom poli H z paramagnetického do usporiadaného stavu. Na druhej strane sa
zdaju byt tieto stavy po ochladeni v nulovom poli a naslednom magnetovani metastabilné,
pretoZe v takom pripade sa zlomkoveé platé pozoruju iba ak M(H) najprv dosiahne hodnoty
blizke MIMSAT = 1/2 (HPP — Half Plateau Phase). Stavy FPP su uzko zviazané so stavmi
HPP, prepajaju stavy HPP s antiferomagnetickou (AF) Néelovou fazou a su velmi zavislé na
termodynamickej historii. Silna isingovska anizotropia a velké rozdiely v magnetickej
Strukture medzi HPP a AF Néelovou fazou potlacaju rychlu relaxaciu (spin flips) pri
prechode z jednej fazy do druhej. Zda sa, ze FPP sprostredkiva tento prechod medzi AF a
HPP fazou, kedZe jej Struktura vykazuje Crty oboch faz.

Ciel 3B: Vyslednym cielom tejto aktivity bolo pozorovat na dvojrozmernej SSL magneticku
Strukturu, ktora by sa mala formovat' v podobe pasovych domén pozostavajucich z dimérov
atébmov vzacnych zemin (Tm, Er). Tento ciel bol realizovany pomocou spinovo-
polarizovaného STM zariadenia, v ktorom musela byt najprv vzorka Stiepana in-situ pri
nizkych teplotach (77 K), Coje v pripade velmi tvrdych tetraboridov naro€ny proces. Najprv
bola pozorovana topografia a spektroskopia atomarne hladkého povrchu TmB4 pri 4.6 K
pomocou volframového hrotu, neskér na systéme ErB4 pri 1 K a v poli 0-3 T pomocou
nemagnetického zlatého ¢i magnetického chromového hrotu. Ciel 3A: Bol podrobne
Studovany vplyv legovania na MCE v TmB4 a anizotropiu v HoB12, ErB12a TmB12.

Ciel 4: V systéme TmB4 bola pozorovana vyrazna anizotropia isingovského typu, ktoru
najlepSie demonstruju vyrazne odliSné fazové diagramy ziskané z merani makroskopickych
vlastnosti pozdiz dvoch smerov H // [001] a H // [110]. To viedlo k tomu, Ze po prvykrat bol
Studovany rotaény magnetokaloricky jav (R-MCE) v K-FMS TmB4 a prvykrat vébec bol tento
jav experimentalne overeny. Anizotropia zakladného AF stavu v izotropnej fcc
kryStalografickej Strukture dodekaboridov HoB12, ErB12 a TmB12 pochadza z redistribucie
vodivostnych elektronov do vyznaénych krystalografickych smerov a vytvarania
dynamickych pasov nabojovej hustoty. Vo vyslednom magnetickom uhlovom fazovom
diagrame bola po prvykrat pozorovana zavislost v tvare tzv. Maltézskeho kriza.

Ciel 5: Studium magnetickych excitacii metédou neutrénovej difrakcie sa realizovalo v HZB
Berlin a JINR Dubna. Systém HoB12 (TN = 7.4 K) bol detailne Studovany meranim
nepruzného neutrénového rozptylu (INS) v teplotnom intervale 3-300 K. Z nameranych
spektier boli uréené hodnoty ecxitacii kryStalového pofa (CF) v paramagnetickom a AF
stave. Z analyzy INS spektra bola ur¢ena hodnota molekularneho pola v AF stave, ngjdené
efekty usporiadania na kratku vzdialenost a tiez ukazana dominantna uloha vodivostnych
elektrénov pri formovani potencialu CF. Ciel 6: Co sa tyka Gasti teoretického $tudia
magnetizacnych procesov a termodynamiky K-FMS na baze tetraboridov vzacnych zemin je
mozné konStatovat, Ze ciele projektu boli v plnom rozsahu splnené. Boli rozpracované nové
mikroskopické modely pre popis tychto systémov, pomocou ktorych sa dokazalo velmi
realisticky popisat’ formovanie magnetizacnych platé so zlomkovymi hodnotami
magnetizacie ako aj vplyv legovania na magnetokaloricky jav. V ramci presne rieSitelnych
modelov na prislusnych rekurzivnych mriezkach boli Studované magnetické a
termodynamické vlastnosti zodpovedajucich geometricky frustrovanych magnetickych
systémov (s bcc aj fce kryStalickou Strukturou).

Suhrn vysledkov riesenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

The project dealt with the study of the effect of pressure (Aim 1), the speed of field change
(Aim 2) and of doping (Aim 3A) on selected metallic frustrated magnetic systems (M-FMS)
as well as the study of their anisotropy (Aim 4), magnetic excitations (Aim 5) and theoretical
models (Aim 6). Research team from IEP SAS and FS UPJS dealt with the implementation
of measurements of macroscopic properties and SP-STM (Aim 3B) using a common
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infrastructure, as well as theoretical interpretation of the obtained results and M-FMS
modeling. Aim 1: Based on temperature (1.8-300 K) and field (0-6 T) dependences of
electrical resistivity measured at different pressure (0-3 GPa), its effect on ErB4 (TN1 = 15.5
K) and HoB4 (TN1 = 7.4 K) and compared with previous measurements on TmB4 (TN1 =
11.7 K). It was found that in the case of ErB4, the critical temperature TN1 increases 8 times
slower than in TmB4 or HoB4, while these are systems with the same crystal and electronic
structure. In the case of HoB4, the value of TN2 decreases with increasing pressure, which
is the opposite behavior to the case of TN2 of TmB4. At the same time, the influence of
uniaxial pressure on the interaction between spins in the Shastry-Sutherland lattice (SSL)
TmB4 was studied for the first time. Aim 2: The ground state and stability of the fractional
plateau with the value of MMMSAT = 1/8 (FPP — Fractional Plateau Phase)in TmB4 was
studied in detail. Magnetization (M) measurements show that the FPP states are
thermodynamically stable when the sample is cooled in a constant magnetic field H from the
paramagnetic to the ordered state. On the other hand, these states seem to be metastable
after cooling in zero field and subsequent magnetization, because in that case fractional
plateaus are observed only if M(H) first reaches values close to MMSAT = 1/2 (HPP — Half
Plateau Phase). The FPP states are closely associated with the HPP states, connecting the
HPP states to the antiferromagnetic (AF) Néel phase and strongly dependent on the
thermodynamic history. The strong Ising anisotropy and the large differences in the
magnetic structure between the HPP and AF Néel phase suppress fast relaxation (spin flips)
during the transition from one phase to the other. FPP appears to mediate this transition
between the AF and HPP phases, as its structure exhibits features of both phases. Aim 3B:
The resulting goal of this activity was to observe a magnetic structure on a two-dimensional
SSL, which should be formed in the form of stripe domains consisting of dimers of rare earth
atoms (Tm, Er). This goal was realized using a spin-polarized STM device, in which the
sample first had to be cleaved in-situ at low temperatures (77 K), which is a demanding
process in the case of very hard tetraborides. First, the topography and spectroscopy of the
atomically flat TmB4 surface was observed at 4.6 K using a tungsten tip, later on the ErB4
system at 1 K and in the 0-3 T field using a non-magnetic gold or magnetic chromium tip,
respectively. Aim 3A: The effect of doping on MCE in TmB4 and anisotropy in HoB12,
ErB12 and TmB12 was studied in detail. Aim 4: Pronounced Ising-type anisotropy was
observed in the TmB4 system, best demonstrated by the significantly different phase
diagrams along the two H // [001] and H // [110] directions. This led to the fact that the
rotational magnetocaloric effect in M-FMS TmB4 was studied for the first time and this
phenomenon was verified experimentally for the firsttime. The anisotropy of the AF ground
state in the isotropic fcc crystallographic structure of the dodecaborides HoB12, ErB12 and
TmB12 originates from the redistribution of conduction electrons along the distinguished
crystallographic directions and the formation of dynamic charge stripes. In the resulting
magnetic angular phase diagram, a dependence in the form of the Maltese cross was
observed for the first time. Aim 5: The study of magnetic excitations by the neutron
diffraction method was carried out at HZB Berlin and JINR Dubna. The HoB12 system (TN =
7.4 K) was studied in detail by measuring inelastic neutron scattering (INS) in the
temperature range 3-300 K. The values of crystal field (CF) excitations in the paramagnetic
and AF states were determined from the measured spectra. From the analysis of the INS
spectrum, the value of the molecular field in the AF state was determined, the short-range
ordering effects were found, and the dominant role of conduction electrons in the formation
of the CF potential was also shown. Aim 6: Concerning the part of theoretical study of
magnetization processes and thermodynamics of frustrated magnetic systems on the base
of rare-earth tetraborides we can state that project goals have been completely fulfilled.
There have been elaborated new microscopic models for the description of these systems
using which it was able to describe very realistically formation of magnetization plateaus
with fractional magnetization as well as the influence of dilution on the magnetocaloric
effect. The magnetic and thermodynamic properties of the corresponding geometrically
frustrated magnetic systems (with bcc as well as fcc crystalline structure) were studied
within the framework of exactly solvable models on the respective recursive lattices.
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