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Abstract

A comprehensive study, combining density functional theory (DF'T) calculations and experimental
investigations, of the quasi-one-dimensional antiferromagnet RbFeSey is carried out. The non-spin-
polarized ab initio calculations show that its metallic conductivity is above the Néel temperature
Tn =248 K, with no gap in the electron density of states at the Fermi energy. The experimental
four-probe conductivity measurements yet reveal an insulating behavior throughout the temperature
range of 4 300 K. Following these measurements, an X-ray diffraction analysis is conducted.
[ts results demonstrate a severe degradation of the sample after air exposure (7 9 min), with the
reduction in selenium occupancy by more than 20% below stoichiometric values and the formation
of elemental selenium phase ( P3221 space group). The discrepancy between theoretical predictions
and the obtained experimental results is attributed to the rapid air-induced oxidation leading to
structural defects and electron localization. The results obtained highlight the critical importance
of rigorous atmospheric control when studying iron chalcogenides, provide quantitative insights into
the degradation mechanisms affecting electronic properties, and indicate that standard DFT approaches
may overestimate metallicity in quasi-one-dimensional systems, particularly when structural defects are
present.
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AnHOTanus

B pabore npeacraBieHbl pe3ysibTaThl KOMILUIEKCHOTO H3YUEHHS! KBA3HOJHOMEPHOIO aHTH(hEpPpO-
marteruka RbFeSes Ha ocHoBe npemckasanuii B pamkax Teopun (ysknumonana miotaoctu (DFT)
1 9KCIEPUMEHTAILHBIX JAaHHBIX. [IpoBenennnie He cnma-nosipu3oBannsie ab initio pacaeTsl HpeacKa-
3BIBAIOT HAIMYHE METAJINIeCKoil npoogumoctd Beime rtemmepatypsl Hems Ty = 248 K u mposa-
Jla B 3JIEKTPOHHON IUIOTHOCTH cocTosiauil Ha ypoHe @Pepmu. B npoTuBononoAKHOCTE 9TOMY, METOIOM
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YETHLIPEXKOHTAKTHOTO M3MEPEHHUsI 3JIEKTPOIPOBOIHOCTH YCTAHOBIISHO U30JIUPYIONIee MOBeJeHre 06pas-
1a B uccieayeMoM TemmneparypHoMm uaTepBasie ot 4 jgo 300 K. Ananmms peHTreHoBCKO# qucbpaximn
IOCJIe M3MEPEHUl BBISIBIUI CYIIECTBEHHYIO JIEIPAJAlMIo CBOCTB obpasna mocie Bo3AeiCTBHS BO3ILY-
xa (7 9 mun): gosist cenena causnIach bosee yem Ha 20 % oTHOCHTENBHO cTEXHOMETPUH ¢ 0Opa30BaAHHEM
3JIEMEHTAPHOTO cejieHa (mpocTpancTBeHHast rpynna P3221). ObHapykeHHOe HECOOTBETCTBHE MEXKILY
Teopueil ¥ HKCIEPIMEHTOM OBbSICHsIETCST HBICTPOIl OKHCIUTEIBLHOMH Terpajjanmeil Ha BO3/IyxXe, IPABO/Is-
el K CTPYKTYPHBIM JIeheKTaM U JIOKATN3aIu 3J1eKTPoHOB. [losyueHabie pe3y/ibTaThl MOMIePKUBAIOT
0c00y10 BasKHOCTH CTPOTOTO KOHTPOJISI TA30BOM CPeJibl TPU H3YIeHUH JKEeJIe30COIePIKAIIX XATbKOTeHH-
10B. Jlanpl KoM4YecTBEHHbIE ONeHKH MeXaHU3MOB JIerPajalldi, BIAUSIOIMNUX Ha WX 9JeKTPOHHLIE CBOIi-
crBa. llokasano, garo ucnonezoBanue crangaptaeix DET-moaxonop MoxkerT npuBecTH K HEPEOIEHKE
METaJUTMIECKHAX CBOICTE KBAZHOMHOMEDPHBIX CHCTEM, OCODEHHO MPH HAJIMYUN CTPYKTYPHBIX JIeheKkToB.

Kurouessie ciioBa: ab initio pacuersl, KBA3HOTHOMEPHOE COEIMHEHAE, IETPAIAIIHS O] IeHCTBHEM
BO3/yXa, JTOKATU3AIHUS 3JIEKTPOHOB, CTAOUIBLHOCTE YKEJIe30COIePKAIUX XaTIbKOTeHUI0B

Baarogapuoctu. Pabora Bemonrena 3a caer rpadta Axkamemun Hayk Pecrnybmmku Taraperan,
IPEIOCTABIEHHOTO MOJIOABIM KAaH/IUIATAM HAYK (IOCTIOKTOPAHTAM) C Ie/IBIO 3allUThl JOKTOPCKOM JIuc-
CepTaIH, BHITIOJIHEHWST HAY THO-UCCIIEIOBATELCKAX PafoT, a TAKYKe BBITOJIHEHUS TPYIOBLIX (DYHKITHIA
B HAYYHBIX W obpasoBaTenbHbIX opranmsarusix Pecrnybmmkm Taraperan B pamxax [ocymaperseHHOit
nporpammer Pectiybsmiku Taraperan «[Hayano-texnonorudeckoe paseutue Pecrybmuku TaTaperans.

HAns  uurupoBanusi: Kiamov A.G., Kuznetsov M.D., Tagirov L.R., Hemmida M.,
Krug von Nidda H.-A., Croitori D., Seidov Z.Yu., Tsurkan V., Tayurskit D.A. DFT prediction
of metallic conductivity and experimental investigation of air-induced degradation effects
in quasi-one-dimensional antiferromagnet RbFeSes // Yuen. zan. Kaszan. yu-ta. Cep. ®@us.-matem.
maykn. 2025. T. 167, ku. 4. C. 705 718. https://doi.org/10.26907/2541-7746.2025.4.705-718.

Introduction

Since the discovery of superconductivity in iron-based compounds [1], iron chalcogenides
with low-dimensional structures have attracted considerable interest due to their unique
clectrical and magnetic properties (see numerous reviews [2-10, 14| and references therein).
The reduction in dimensionality introduces novel phenomena that do not normally occur
in bulk counterparts, such as enhanced quantum fluctuations, geometric frustration, and
spin—charge separation [3,10-14]. These phenomena are associated with the development of
exotic magnetic states, unconventional phase transitions, and emergent behavior, offering new
avenues for scientific exploration and potential technological applications in quantum computing
and spintronics [15, 16].

Iron chalcogenides represent a particularly fascinating subclass within the broader family of
iron-based superconductors, distinguished by remarkable structural diversity and clectronic
properties [2, 17]. Unlike iron pnictides, they exhibit a rich phase diagram encompassing
superconducting, magnetic, and insulating phases, often in close proximity to cach other [18,19].
The clectronic structure of these materials is characterized by strong clectron correlations and
orbital-dependent interactions, leading to orbital ordering, nematic phases, and unconventional
superconducting gap structures [20,21].
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Within iron chalcogenides, there is a subgroup of quasi-one-dimensional compounds with
chains of ecdge-sharing [FeX,| tetrahedra (X =S, Se, Te), which can be considered as
an cxtreme case of dimensional reduction that amplifies quantum many-body effects [22].
In such systems, the mutual impact of magnetic interactions, structural distortions, and
clectronic correlations on one another becomes especially pronounced, often yiclding complex
phase diagrams with multiple competing ground states. The reduced dimensionality can result
in spin-Peicrls transitions, charge density waves, and metal-insulator transitions driven by
magnetic ordering [23,24].

However, one of the critical challenges in studying iron chalcogenides is their inherent
instability in ambient atmospheric conditions. The sensitivity to oxidation can dramatically
alter their intrinsic clectronic and magnetic properties, leading to discrepancies between
theoretical predictions and experimental observations [25,26]. The most highly air-sensitive
compounds arc seclenides having relatively weak Se-Fe bonds that make them susceptible to
oxygen substitution and selenium volatilization. Understanding the above mechanisms is crucial
for both fundamental rescarch and potential applications of these materials.

The oxidation processes in iron chalcogenides involve complex chemical reactions that can
proceed through multiple pathways, ranging from direct oxygen substitution to formation of
oxide phases and clemental chalcogen segregation [27]. They tend to happen very quickly, within
minutes of air exposure, and significantly alter the material’s electronic structure and transport
propertics. The defects from oxidation can act as scattering centers, promoting clectron
localization and suppressing metallic conductivity, even in materials that are theoretically
predicted to be metallic.

In the present study, we focus on RbFeSes, which crystallizes in a monoclinic structure
with the C2/c space group [28]. The crystal structurc consists of chains of [FeSey]
tetrahedra sharing common edges and aligned along the crystallographic c-axis. These chains
arc cross-linked by Rb atoms to form a three-dimensional structure [28]. The quasi-one-
dimensional nature of the clectronic structure, with preferential electron hopping along the
iron chains, makes this compound an ideal candidate for investigating the interplay among
dimensionality, magnetic ordering, and clectronic transport propertics. The magnetic behavior
of RbFeSe, is determined by antiferromagnetic interactions within and between the iron chains.
Below the N’cel temperature Ty = 248, the antiferromagnetic interactions induce long-range
antiferromagnetic ordering [29]. The magnetic structure consists of ferromagnetic chains coupled
antiferromagnetically, which together organize into a complex three-dimensional magnetic
configuration. This magnetic ordering is expected to have profound effects on the clectronic
structure, potentially driving a metal-insulator transition as predicted by theoretical models
for quasi-onc-dimensional magnetic systems.

Previous studies on RbFeSe, single crystals have utilized measurements of X-ray diffraction,
magnetic susceptibility, magnetization, specific heat, as well as Mossbauer spectroscopy [29].
They have conclusively established the basic structural and magnetic properties but so far have
failed to address the question of clectronic transport and its relationship to the theoretical
clectronic structure. The absence of systematic conductivity measurements is a critical gap in
our understanding of this material, primarily due to the strong predictions for metallic behavior
based on available clectronic structure calculations.

The theoretical prediction of metallic conductivity in RbFeSey above Ty is based on the
quasi-one-dimensional electronic structure and the relatively short Fe-Fe distances within the
chains. However, the realization of such metallic behavior in practice depends on the structural

Vuen. zan. Kazan. ya-ta. Cep. @u3s.-mar. nayku | 2025;167(4):705-718



A.G. Kiiamov ct al. | DFT prediction of metallic conductivity. . . 709

integrity of the material and the absence of defects that could lead to electron localization.
The Anderson localization mechanism, which is relevant in low-dimensional systems, predicts
that cven small concentrations of disorder can completely suppress metallic conductivity.

The primary objectives of this work are: (i) to examine the clectronic band structure of
RbFeSey using density functional theory calculations, providing theoretical predictions for the
temperature-dependent electronic properties; (ii) to investigate clectrical conductivity through
direct experimental measurements using four-probe techniques in order to test these theoretical
predictions; (iii) to quantitatively analyze the air-induced degradation cffects through detailed
structural characterization; and (iv) to establish the influence of structural degradation on
the observed discrepancies between theoretical predictions and experimental observations.
Our approach combines statc-of-the-art ab initio calculations with carcful experimental
characterization, including post-mecasurement structural analysis to assess sample integrity.
This comprchensive methodology is helpful in disentangling intrinsic clectronic properties
from extrinsic effects related to environmental degradation. Our findings reveal the critical
importance of atmospheric control in chalcogenide research and provide methodological insights
for futurc investigations of similar environmentally sensitive materials. The broader implications
of this work extend beyond the specific compound studied, addressing fundamental questions
about the stability and characterization of air-sensitive quantum materials. The quantitative
analysis of degradation kinetics and mechanisms provides valuable insights for the design of
protective strategies and measurement protocols for similar materials. Furthermore, our results
highlight important limitations of existing theoretical approaches when applied to real materials
with structural imperfections, contributing to the ongoing dialogue about the predictive power
of computational materials science.

1. Theoretical Approach and Experimental Methods

1.1. Ab initio calculations. The ab initio calculations were based on density functional
theory (DFT) [30]. Exchange and correlation effects were treated using the generalized gradient
approximation (GGA) as paramecterized by the Perdew, Burke, and Ernzerhof (PBE-sol)
functional [31]. The Kohn-Sham equations were solved using projector-augmented wave (PAW)
potentials [32] as implemented in the Vienna Ab-Initio Simulation Package (VASP) [33], which
is part of the MedeA software suite [34].

Computational parameters were set as follows: plane-wave cutoff of 500 ¢V, energy tolerance
for self-consistency of 107 ¢V, and Brillouin zone sampling on Monkhorst-Pack grids of 6 x6x 7
k-points. Full structure optimization was performed, involving atomic positions, cell dimensions,
and shape.

Two magnetic configurations were considered: (i) non-spin-polarized calculations to model
the paramagnetic state above the Néel temperature Ty =248 K and (ii) spin-polarized
calculations incorporating the antiferromagnetic ground state below Ty . The antiferromagnetic
spin configuration was constructed according to neutron diffraction data [28|. This approach
cnables correct description of temperature-dependent magnetic states during clectronic property
calculations [35].

It should be noted that standard DFT calculations may have limitations when applied to
quasi-onc-dimensional systems, particularly regarding the accurate description of correlation
effects and potential overestimation of metallic character. These limitations are important to
consider when comparing theoretical predictions with experimental results.

Uch. Zap. Kazan. Univ. Ser. Fiz.-Mat. Nauki | 2025;167(4):705-718



710 A.T. Kuavos u ap. | IIpeackazanue MCTaJLUTAMCCKOl TPOBOAAMOCTH. . .

1.2. Experimental methods. Single-crystal RbFeSe,; samples were prepared for
subsequent clectrical conductivity measurements using the four-probe method in a Physical
Property Measurcment System PPMS-9 (Quantum Design, USA). All measurements were
conducted both parallel and perpendicular to the iron chains over the temperature
range of 4-300 K.

Sample preparation was performed in a glove box under argon atmosphere to minimize
oxidation. However, due to experimental constraints, the samples were exposed to ambient
atmosphere for approximately 7-9 min during the transfer from the sealed ampule to the
mecasurement setup. Conductivity measurements were carried out in helium atmosphere.

To investigate potential sample degradation, powder X-ray diffraction studies were
performed both on fresh samples and after conductivity measurements. During X-ray diffraction
measurements, the samples were coated with an oil-based cryoprotectant (Paratone) to prevent
further deterioration.

2. Results and Discussion

2.1. Electronic structure calculations. Fig. 1 shows the calculated clectronic band
structurc and density of states for RbFeSe; in the paramagnetic regime (temperatures
above Ty = 248 K). The clectron density of states at the Fermi level is significantly non-zero,
suggesting that the material exhibits metallic conductivity. The substantial contribution to the
density of states around the Fermi level originates from clectronic states localized on Fe atoms.
Given that the Fe—Fe distance of 2.850(1) A is only approximately 14 % longer than in metallic
iron (2.48 A) [29], metallic conductivity along the quasi-one-dimensional iron chains would be
expected, indicating anisotropic conducting behavior.

The clectronic band structure and density of states in the antiferromagnetic regime
(below Ty =248 K) are displayed in Fig. 2. A significant band gap scparates the valence
and conduction bands, pointing to insulating behavior. A comparison between the high- and
low-temperature regimes revealed a metal-insulator transition accompanying the magnetic
phase transition.

This transition can be understood within the framework of the Hubbard model [36],
which predicts that the metal-insulator transition in quasi-one-dimensional systems can be
a first-order transition from an antiferromagnetic insulator to a paramagnetic metal.
Such transitions have been theoretically established for lincar chain lattices, particularly
relevant to the [FeSe,| chain structure in RbFeSes.

2.2. Experimental conductivity measurements. Contrary to theorctical predictions,
the experimental four-probe conductivity measurements revealed no metallic behavior in
RbFeSey throughout the entire temperature range of 4-300 K, regardless of measurement
geometry (parallel or perpendicular to the iron chains). The sample exhibited insulating
behavior at all temperatures investigated.

While the insulating behavior below Ty is consistent with the antiferromagnetic DET
calculations, the absence of metallic conductivity above Ty represents a significant discrepancy
with theoretical predictions. This discrepancy suggests that factors not accounted for in the
idealized DFT calculations may be controlling the experimental transport properties.
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2.3. Sample degradation analysis. To understand the origin of the theory—experiment
discrepancy, we conducted a detailed structural analysis of the samples after air exposure and
measurcd their conductivity. The powder X-ray diffraction pattern of RbFeSeq after 7-9 min
of air exposure is given in Fig. 3.
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Fig. 1. Calculated band structure and density of states of RbFeSes in the non-magnetic state. Notation
for the Brillouin zone points is the same as in Ref. [35]. The red horizontal line indicates the Fermi-level
energy

" z M A r v __ s
—— L ~ 1
e 2
0 0
R é&sz " ' 1., ~
P el S i W ' 1.3
e e %5
o s ' i
4 %E —_? 14
e ey 1.
-6 N E—— PR R | -6

X
[a=]
]

-2
o
o

10 20
Total DOS (1/eV)

Brillouin Zone Direction

Fig. 2. Calculated band structure and density of states of RbFeSes in the antiferromagnetic state.
Notation for the Brillouin zone points is the same as in Ref. [35]. The spin-up and spin-down densities
and bands are marked with blue and red, respectively

The obtained diffraction pattern reveals a two-phase system: (i) the original RbFeSes
structure with significantly altered stoichiometry, and (ii) a sclenium phase with the P3,21
space group symmetry. Critically, the Rietveld refinement demonstrates that the sclenium
occupancy in the RbFeSe,; phase is reduced by more than 20% compared to the ideal
stoichiometric composition.
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Fig. 3. Powder X-ray diffraction pattern of RbFeSe; after exposure to ambient atmosphere. The black
circles show the measured intensities, and the red solid line corresponds to the refined pattern

This dramatic sclenium deficiency can be associated with the following two mechanisms:
(i) the formation of sclenium vacancies, and (ii) the replacement of sclenium with oxygen
atoms during air oxidation. The absence of detectable iron oxide phases in the diffraction pattern
supports the selenium-to-oxygen substitution mechanism. Such oxidation fundamentally alters
the crystal ficld environment of iron atoms and disrupts the clectronic structure of the
conducting chains.

2.4. Implications for electronic transport. The observed structural air-induced
degradation provides a compelling explanation for the discrepancy between theoretical
predictions and experimental observations. In quasi-one-dimensional systems, even relatively
small concentrations of defects can lead to clectron localization through the Anderson
localization mechanisms. The reduction of selenium occupancy factor by more than 20%
represents a substantial defect concentration that would be expected to completely suppress
metallic conductivity.

The rapid degradation kinetics (with significant structural changes observed within 7-9 min
of air exposure) highlight the extreme sensitivity of RbFeSe, to oxidative environments. This
finding has important implications for both fundamental research and potential applications of
iron chalcogenides.

A similar behavior has been reported for the related compound KFeS;, [37,38| when different
sample treatment procedures resulted in dramatically different transport properties, ranging
from insulating behavior to features of metal-insulator transitions near the Néel temperature.
This further supports our conclusion that environmental factors critically influence the observed
clectronic propertics.
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2.5. Limitations of DFT approach. Our results also highlight important limitations
of standard DFT calculations when applied to quasi-one-dimensional systems. While DFT
correctly predicts the electronic structure of ideal, defect-free RbFeSeq, it fails to account
for the effects of structural defects that dominate real experimental samples. Additionally,
correlation cffects, which may be particularly important in quasi-one-dimensional systems, are
not fully captured by standard GGA functionals.

Future theoretical investigations should consider: (i) explicit modeling of defect structures
and their effects on electronic properties, (ii) including correlation effects through DFT+U or
hybrid functional approaches, and (iii) incorporating clectron—phonon coupling cffects that may
influence transport propertics.

3. Conclusions

A comprechensive investigation of the eclectronic properties of quasi-one-dimensional
antiferromagnet RbFeSes was carried out using a combination of theoretical and experimental
approaches. Key findings include:

e Theoretical predictions: DFT calculations predict a first-order metal-insulator
transition at the Néel temperature (7 = 248 K), with metallic conductivity expected
above Ty and insulating behavior below it.

e Experimental observations: Four-probe conductivity measurements reveal insulating
behavior across the entire temperature range (4-300 K), contradicting theoretical
predictions for the paramagnetic regime.

e Degradation mechanism: Post-mecasurement structural analysis indicates that even
brief air cxposure (7-9 min) induces significant sample degradation, with selenium
occupancy reduced by >20% and clemental sclenium phase formation.

e Methodological insights: The rapid degradation kinetics demonstrate the critical
importance of rigorous atmospheric control when studying iron chalcogenides. Standard
sample handling procedures may be insufficient to preserve intrinsic electronic properties.

e Theoretical limitations: The limitations of standard DFT approaches for quasi-one-
dimensional systems, particularly the need to consider correlation cffects and defect-
induced localization, are shown.

Our work establishes a foundation for understanding degradation mechanisms in quasi-
onc-dimensional iron chalcogenides and provides methodological guidelines for reliable
characterization of these environmentally sensitive materials.

Conflicts of Interest. The authors declare no conflicts of interest.
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