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ABSTRACT

The impact of Dy doping at the Y-site of the Yi..Dy:Ba,CuzO7.5 superconductor on its
electronic properties was examined using Density Functional Theory (DFT) through a
first-principles study. Computational simulations were performed utilizing the CASTEP
computational code. The crystal structure was modelled and calculated with the Visual
Crystal Approximation (VCA) employing the Generalized Gradient Approximation
Perdew-Burke-Ernzerhof for Solids (GGA PBEsol) exchange-correlation and ultrasoft
pseudopotential. Band structure analysis revealed the smallest bandgap at x = 0.15
between the conduction band (CB) and the valence band (VB). Electron density was
found to be more concentrated near the Fermi level based on the density of states
distribution. Electron density difference images displayed the merging of orbital
configurations from each atom upon doping at x = 0.15. This indicates that at this specific
Dy concentration, Y1.xDy.Ba,Cu3O7.5 achieves the optimal properties.
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INTRODUCTION

The yttrium barium copper oxide YBa;CuzO7s (YBCO) is a well-known type-II
superconductor that has been extensively investigated since its discovery due to its
remarkable high critical temperature (7¢), which typically ranges from 70 K to 100 K [1-
3]. Variations in 7. across experiments are often accompanied by corresponding changes
in the critical current density (J¢), both of which are crucial parameters in understanding
the resistivity and orbital behavior of superconductors. These properties ultimately
determine the performance of YBCO under different operating conditions. Numerous
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studies have demonstrated that doping with foreign elements can significantly alter the 7t
and 7. values, thereby modifying the superconducting and structural characteristics of
YBCO [4-6].

Despite extensive experimental efforts, the detailed understanding of YBCO’s
electronic properties, particularly its DC electrical resistivity and bandgap behavior as a
function of temperature remains incomplete. This gap highlights the need for a deeper,
quantum-level investigation into the influence of dopant atoms on its crystal structure and
electronic configuration. The motivation of this study, therefore, lies in exploring how
rare-earth doping, specifically Dy substitution at the Y-site in Y1-xDy,Ba>Cu3O7-5, affects
the electronic and structural properties of YBCO. By employing computational analysis
through the CASTEP simulation tool, this work aims to predict the optimal Dy
concentration that can enhance superconducting performance. Computational methods
have proven effective in elucidating the structural and electronic characteristics of
complex materials [7-9], thus providing valuable insight prior to experimental synthesis.

MATERIALS AND METHOD

The Cambridge Serial Total Energy Package (CASTEP) code was utilized in the
computational approach of Density Functional Theory calculation for electronic analysis.
Throughout the computation, the Generalized Gradient Approximation Perdew Burke
Ernzerhof (GGA PBE) exchange—correlation functional have been chosen with ultrasoft
pseudopotential settings. The GGA exchange-correlation has solved the over-bind atoms,
which makes it a better electrical description than the exchange correlation provided by
the Local Density Approximation (LDA). With the calculation setting, it mimics closely
with high accuracy how the structure works. The space group, lattice parameter with atom
coordinates is adopted from the works of Saipuddin et al. as the previous work using
computational method using YBCO doped with Sb [1]. The variables here were used to
construct the structure on the canvas of the Material Studios. To run the calculations, a
High-Performance Computer (HPC) was used with the maximum values of force at 0.05
eV/A, 0.002 A of atom displacement, energy at 2.0 X 1075 eV/atom with 0.1 GPa of
stress. The crystal structure was optimized within 400 eV kinetic energy cut-off and k-
point sampling of 4x4x1. To determine the optimum performing dopant concentration as
determined by computer calculation, electronic analysis of the band structures of the pure
and Dy-doped samples was done to analyze their pseudogap and density of state (DOS).
Throughout the doping concentration, electronic changes were observed and documented.
The percentage of Dy doped was used within the range of x = 0.00, 0.05, 0.10, 0.15 and
0.20 using the Virtual Crystal Approximation (VCA) method. The concentration of Y and
Dy were adjusted according to the dopant range that was chosen using the VCA approach.
These atom mixture technique selections assumed that there is a virtual atom on every
possibly disordered site.

RESULTS AND DISCUSSION
In examining the effects of the GGA-PBEsol on YBa>Cu3O7.5 superconductors, it was

found that both the structural and electronic properties were changed, leading to enhanced
superconducting characteristics in the materials studied. In YBCO compounds, RE
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elements can substitute for both Y and Ba sites. When trivalent RE ions replace Y** and
Ba?", there is a notable correlation between the solution energies and the size of the dopant
which are solution energies increase for Y** and decrease for Ba** as the ionic radius
grows. Smaller RE ions are energetically more favorable when substituting at the yttrium
site, while larger RE ions are better suited for the barium site. Given that RE ions are
similar in size to Y**, a certain degree of mixing between the yttrium and barium sites
might be anticipated [10].

Structural Properties of YBCO Dy Doped
Table 1 shows the difference between lattice parameters obtained via Geometry
Optimization from different concentrations (0.05, 0.10, 0.15, 0.20 and 0.25) as compared
to the value obtained from pure YBCO. The closest difference of volume was obtained
for concentration 0.05 which is 2.90% difference from that of pure YBCO. The minimal
changes in lattice parameters suggest limited disruption to the lattice structure and
potentially less impact on superconducting properties compared to other doping levels. A
reduction in the dimensions a, b, or ¢ results in smaller band gaps and a shift of the
absorption edge to lower energies. Conversely, increasing a, b, or ¢ leads to larger band
gaps and a shift of the absorption edge to higher energies [11]. Furthermore, x= 0.20 and
x=0.25 display substantial deviations, particularly in the c lattice parameter, with large
decreases indicating pronounced distortions in the crystal structure that could lead to
significant changes in superconducting characteristics. At the atomic level, this
unevenness appears as a variation in the lengths of bonds between neighboring atoms. At
the electronic level, the differences in element properties cause distortions in charge
density. This connection implies that larger distortions in both the lattice structure and
charge density are related to a greater range of material properties. This leads to the
hypothesis that bigger distortions result in more significant variations in properties [12].
The a-parameter generally decreases with increasing Dy doping, although slight
increases are observed at higher doping levels (x=0.20; x=0.25). This initial reduction
indicates that Dy substitution leads to a contraction of the lattice along the a-axis, while
the subsequent increases at elevated doping levels may result from localized structural
distortions or changes in the coordination environment around the Dy ions. The parameter
b exhibits a similar pattern, with a decrease followed by an increase at higher Dy
concentrations, suggesting a non-linear response of the lattice parameters to Dy
substitution due to competing influences of ionic size and structural modifications. In
contrast, the c-parameter demonstrates a more pronounced and consistent reduction with
Dy doping, particularly at higher concentrations (0.20; 0.25), where the decrease
approaches 18%. This substantial reduction indicates a significant contraction of the
lattice along the c-axis, likely due to the pronounced effect of Dy substitution on the
interlayer spacing within the YBCO structure. Besides atomic radius, charge transfer
significantly influences the local atomic distortion of elements. Research indicates that
certain elements exhibit greater charge transfer, leading to more substantial displacement
compared to other elements within the same composition. Elements that lose electrons
tend to decrease in size, which allows for more free volume to move within their nearest-
neighbor environment. Conversely, elements that gain electrons increase in size, resulting
in a relatively smaller volume available for displacement [12].
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Table 1. Lattice parameters and unit cell volume of pure and Dy-doped YBa>Cu30O7.5
(x=0.05, 0.10, 0.15, 0.20 and 0.25)

c . Lattice Parameters Volume
omposition a(A) b (A) c(A) VAY

YBa;CuzO7.5 [1] 3.827353  3.906071 11.609807 173.565548
YBa;CuzO7-5 3.847773  3.909941 11.609249 174.656097
YossDyosBazCusOrs 3.809810  3.886464 11.454148 169.598045

) ) (0.99%) (0.60%) (1.34%) (2.90%)
Yos0Dyo.10BazCuzOr-s 3.760644  3.797668 11.481820 163.979655

) : (2.26%) (2.87%) (1.10%) (6.11%)
Yos5Dyo.1sBa:CusOrs 3.662685  3.711429 11.477377 156.021112

’ ) (4.81%) (5.08%) (1.14%) (10.67%)
Yo30Dyo20Ba:Cus07.5 3.990065 4.067640 9.522271 154.547866

’ ) (3.70%) (4.03%) (17.98%) (11.51%)
Yo.75Dyo.25Ba:Cus07.5 3.871099  3.934099 9.578602 145.875254

) ) (0.61%) (0.62%) (17.49%) (16.48%)

Band Structure and Energy Gap of Dy Doped YBCO
Figures 1(a) - 1(e) show an electronic analysis of both pure and Dy-doped samples in the
Y-site of YBa2CusO--6 revealed alterations in the pseudogap band structure above the
Fermi level. Doping yttrium barium copper oxide (YBCO) with dysprosium (Dy) at the
Y site involves substituting some of the Yttrium (Y) atoms in the YBCO crystal lattice
with dysprosium (Dy) atoms. This substitution can significantly affect the material’s
electronic properties, particularly its pseudogap behavior. The substitution of Dy** ions
for Y** ions possibly introduce differences in the electronic state in the CuO; plane and
affects the transition temperature 7. [10]. Doping YBCO with Dy at the Y site leads to
changes in the pseudogap values, reflecting alterations in its electronic structure.

Table 2 shows pseudogap value for Dy-doped Y 1.xDy.Ba>xCu30O7.5 (x=0.05, 0.10,
0.15, 0.20 and 0.25). For compositions with Dy content from concentration 0.05 to 0.15,
the pseudogap value decreases as Dy content increases, suggesting a reduction in the
energy required for the pseudogap state, which potentially affects the electronic states
and density of states in the material. However, at higher Dy concentrations x > 0.20 the
pseudogap value increases again, indicating a more complex interaction between Dy
atoms and the YBCO lattice. The pseudogap is influenced by doping and has a
momentum dependence similar to that of the d-wave superconducting gap. In the normal
state of underdoped cuprates, the pseudogap reduces the density of states at the Fermi
level, which can, in turn, impact the transition temperature and the isotope effect
coefficient a in cuprates. Experimental evidence shows that the pseudogap exists in both
underdoped and overdoped samples and can be correlated with the superconducting gap
[13]. These changes can significantly affect superconducting properties, such as the
transition temperature 7¢, critical current density, and magnetic properties, making it
possible to optimize YBCO’s properties for specific applications.
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Figure 1. Band structure for for Dy-doped Y 1..Dy:Ba>Cu3;O7s (a) x=0.05, (b) x=0.10,
(c) x=0.15, (d) x=0.20 and (e) x=0.25

Table 2. Pseudogap value for Dy-doped Yi.xDyxBa>CuzO7.5 (x=0.05-0.25)

Composition Pseudogap value (eV)
Y0.95Dyo0.0sBa2CuzO7.5 3.26
Yo0.90Dyo.10Ba2CuzO7.5 2.53
Yo.85Dyo.1sBa2CuzO7.5 1.93
Yo0.80Dyo0.20Ba2CuzO7.5 4.40
Yo0.75Dy0.25sBaxCuz07.5 3.90
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In high-temperature superconductors (HTSCs), the single-electron density of states
(DOS) notably decreases at temperatures significantly higher than the superconducting
transition temperature, over a wide range of temperatures above 7c. This effect is known
as a pseudogap [14]. As the doping concentration increases from x = 0.05 to x = 0.15, the
band gap decreases from 3.26 eV to 1.93 eV. This trend suggests that the introduction of
Dy atoms into the host lattice creates localized states within the band gap, which facilitate
electronic transitions at lower energies [15]. The increased number of Dy atoms likely
leads to enhanced interaction and overlapping of these states, effectively reducing the
band gap. The reduction of the band gap increases, highlighting the significant influence
of the atomic number on the band gap reduction due to its associated electron
configuration. Therefore, it can be inferred that as the shell radius increases, the degree
of band gap reduction decreases [16]. At x = 0.20, there is a notable increase in the band
gap to 4.4 eV. This unexpected jump can be attributed to several factors. One possible
explanation is the formation of Dy-related defect states that modify the electronic
structure more significantly. Zhou et al. mentioned when exposed to an external magnetic
field, these defects function as non-superconducting regions that hinder the movement of
magnetic flux quanta within the superconductor [17]. This reduces the system's overall
energy and helps preserve the material’s superconductivity. If the defect size is roughly
twice the coherence length of YBCO, it can effectively pin vortices. However, if the
defect size becomes too large, reducing the superconducting volume within the film, it
can significantly diminish the film's current-carrying capacity and potentially result in a
loss of superconducting properties [17,18]. Another consideration is the potential phase
change or structural transformation in the material, which can lead to a different electronic
band structure and hence a higher band gap. When the doping concentration reaches x =
0.25, the band gap decreases again to 3.9 eV. This reduction may result from the
saturation of defect states or a partial return to a previous structural phase, reducing the
influence of Dy-induced modifications. The balance between the creation of new states
and the stabilization of existing ones could lead to the observed band gap value. Y123
conductivity can be attributed to the influence of the energy band originating from the
Cu—-O chain. This conductive behavior is likely due to the charge transfer dynamics
associated with this specific energy band, which facilitates electron movement and
enhances the compound’s conductive properties. Another notable feature of YBCO is its
high anisotropy. With Y atoms being insulated, the two Cu-O: planes create a dielectric-
like layer. Given YBCO’s layered structure, its resistivity along the c-axis is typically
higher than in the a-b plane. Additionally, the oxygen atoms doped into the Cu—O chains
introduce extra holes and electronic connections along the b-axis (or b2 reciprocal vector)
of the system [19].

Density of States of Dy Doped YBCO

The density of states (DOS) for Dy-doped YBCO at concentrations of x = 0.05, 0.10,
0.15, 0.20, and 0.25 is illustrated in Table 3. Initially, from x=0.05 to x=0.10, there is a
slight decrease in total energy, suggesting a minor reduction in the overall population of
energy states. However, as the Dy concentration increases beyond x=0.10, there is a
noticeable increase in total energy, peaking at x=0.25. This indicates a growing number
of available electronic states at higher energies which mean the increase in the dielectric
constant observed with decreasing atomic size is believed to be due to the rise in state

82



density [19]. The contribution of s-orbital energy significantly decreases with higher Dy
concentrations, dropping from 12.60 eV at x=0.05 to 7.50 eV at x=0.25. This decline
shows that s-orbital states become less dominant in the DOS with more Dy. In contrast,
p-orbital energy peaks at x=0.10 with 13.30 eV, then diminishes at higher concentrations,
suggesting that p-orbital states are more significant at intermediate Dy levels but less so
as the concentration increases further, possibly due to changes in hybridization or bonding
interactions. Furthermore, the d-orbital energy contribution consistently rises from 9.63
eV atx=0.05 to 14.70 eV at x=0.25, reflecting the increasing importance of d-orbital states
in the DOS as Dy concentration increases. This trend is expected since Dy, being a
transition metal, has partially filled d-orbitals, and its increasing concentration naturally
leads to a higher density of d-states.

Table 3. Density of states for Dy-doped Y 1xDyxBa2Cu3O7.5 (x=0.05 to 0.25)

Dy

concentration Sum (eV) s (eV) p (eV) d(eV)
x=0.05 17.10 12.60 7.37 9.63
x=0.10 16.90 7.81 13.30 10.00
x=0.15 16.60 8.21 13.00 10.80
x=0.20 18.40 10.10 10.10 13.70
x=0.25 20.20 7.50 9.78 14.70

Figure 2 shows that at lower doping levels (x = 0.05 and x = 0.10), the total DOS (sum)
decreases slightly from 17.10 eV to 16.90 eV. The s-orbital contribution decreases from
12.60 eV to 7.81 eV, while the p-orbital contribution increases from 7.37 eV to 13.30 eV,
and the d-orbital contribution increases marginally from 9.63 eV to 10.00 eV. This
implies that at x = 0.10, there are more states available in the p-orbitals, suggesting that
the p-orbital states are contributing more to the conduction band, thereby enhancing the
material’s electrical conductivity [20]. As the doping level increases to x = 0.15, the total
DOS slightly decreases to 16.60 eV. Here, the s-orbital contribution rises to 8.21 eV, the
p-orbital contribution slightly drops to 13.00 eV, and the d-orbital contribution increases
to 10.80 eV. This indicates a redistribution of states among the orbitals, with d-orbital
states becoming more significant, possibly contributing to both the conduction and
valence bands.

At x = 0.20, the total DOS increases to 18.40 eV, with a noticeable rise in the s-
orbital contribution to 10.10 eV, a significant reduction in the p-orbital contribution to
10.10 eV, and a marked increase in the d-orbital contribution to 13.70 eV. Finally, at the
highest doping level of x = 0.25, the total DOS peaks at 20.20 eV. The s-orbital
contribution drops significantly to 7.50 eV, the p-orbital contribution remains relatively
stable at 9.78 eV, and the d-orbital contribution further increases to 14.70 eV. This
indicates a dominant role of d-orbitals in both conduction and valence bands, with d-
orbital states significantly contributing to the material’s electronic properties. In
summary, the changes in the density of states with varying Dy doping concentrations
reveal a complex interaction between s-, p-, and d-orbital contributions. At lower doping
levels, p-orbitals dominate the conduction processes, while at higher doping levels, d-
orbitals become increasingly significant. This behavior can be related to the narrowing of
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the pseudogap and the shifting of electronic states towards the Fermi level, affecting the
material’s conductivity and overall electronic properties.
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Figure 2. Density of States for for Dy-doped YBa>CuzO7.5 (a) x=0.05; (b) x=0.10; (¢)
x=0.15; (d) x=0.20; (c) x=0.25

CONCLUSIONS

Ultimately, Dy dopant at x = 0.15 on the Y-site of YBCO exhibits ideal superconducting
characteristics. These were noted from the density of states, electron density difference,
and pseudogap at different locations inside the structure. The electron mobility was
facilitated by the 1.93 eV band structure pseudogap between the valence and conduction
bands. According to the density of states graph, the DOS rises and shifts in the direction

84



of the Fermi level as the dopant increases. The maximum electron density is likewise seen
in PDOS for both the Cu 3d and O 2p orbitals at x = 0.15 for the Dy dopant and the closest
to the fermi level. When the amount of Dy dopant grows at the structure’s Y-site, the
electron density differential along the Y-site indicates the increase in electron density.
Since a tiny portion of the doping concentration can be virtually conducted. Using the
first principles method, more data may be collected before actual building is carried out
through experimental work. This could encourage the complete utilization of raw
materials and green technologies also saves time to conduct the experiment.
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