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The study examines how partial substitution of strontium (Sr) for barium (Ba) in
HgBa, 4-,Sr,La ,CayCuy0g, 5 superconductors influences their structural and electrical proper-
ties. Samples with Sr concentrations of x = 0, 0.1, and 0.2 were synthesized using the solid-state
reaction method. X-ray diffraction (XRD) analysis confirmed that all samples maintained the
tetragonal phase characteristic of the Hg-1223 structure. As Sr content increased, there were
notable changes in lattice parameters and mass density. These changes were attributed to the
smaller ionic radius of Sr compared to Ba, leading to a reduction in the c/a ratio. This structural
modification positively influenced the superconducting properties, as indicated by the critical
temperature (Tc) measurements obtained using the four-point probe method. The Tc onset in-
creased from 127 K to 139 K, while the Tc offset rose from 118 K to 126 K as Sr content increased
from O to 0.2. Microscopic analysis through scanning electron microscopy (SEM) revealed a re-
duction in grain size as the Sr concentration increased. This reduction in grain size likely mini-
mized insulating grain boundaries, potentially enhancing the superconducting behavior. Over-
all, the findings suggest that Sr substitution improves superconducting properties by altering
the material’s microstructure and enhancing phase stability.

Keywords: Electrical Resistivity, Critical Temperature, X-Ray Diffraction, Tetragonal
Structure And Superconductors.

Jociin:keHHs BILIMBY 3aMillleHHS CTPOHIIieM HA BUOpaHi (pisuvHi xapaKkTepucTUKn
magnposinauka HgBa, ¢ Sr La, ,Ca,CuyO0q,5. Taghreed Bager Alwan, Zainab J. Neamah,
Laheeb A. Mohammed, Mudatheer M. Al-Slivant, Kareem A. Jasim

VYV mociimsxeHH] pPOSIVIANAETHCA, AK YACTKOBE 3aMilleHHs crpoHmio (Sr) Oapiem (Ba) y
maamposimamkax HgBa, s Sr Laj ,CayCusOg, BIIMBae Ha iXHI CTPYKTYPHI Ta eJIEKTPIYHI
BJIACTHBOCTL. 3paskn 3 KoHueHTpamiamu Sr x = 0, 0.1 Tta 0.2 Oyam CHHTE30BaHI METOIOM
TBepaodasnoi peakiiii. Perrremisesruit nudpariiiauii (XRD) amasris miarBepaus, 1m0 BCl 3pasku
30epiraioTh TeTparoHaJbHY (a3oBy XapaKTepucTury cTpykrypu Hg-1223. 31 30iabImeHHIM
BMICTY Sr crocrepirajucs IMOMITHI 3MIHU IIapaMeTpiB PeIriTkd Ta MacoBoi ryctuHu. Lli aminum
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MOSICHIOIOTHCS MEHIITUM 10HHUM PajiycoM Sr IOpIBHSHO 3 Ba, 110 MpHU3BOJUTH JI0 3MEHIIEHHS
cmiBBimHomenHa c/a. g crpyxrypHa Mommdikallis MOSUTUBHO BIUIMHYJIA HA HAAIPOBLIHI
BJIACTHBOCTI, 110 MIITBEP/IMKYETHCS BUMIPIOBAHHAMYA KPUTUYHOT TeMIepaTypu (Te), OTPEMAHIMU
3a JIOITOMOT0I0 METOY YOTHPUTOUKOBOTO 30HAA. [louaTok Te 36imprmmBes 31 127 K mo 139 K, Toxi
sk 3cyB Te 36umbmmBes 31 118 K o 126 K 31 361nbmenaam smicty St 81 0 10 0,2. MikpocKomiuamit
aHaJI3 3a JOIIOMOr0I0 CKAaHyIoUol eJIeKTpoHHOoI Mikpockormil (SEM) BusBUB 3MeHIIIEHHS pPO3MIPY
3epeH 31 30LIbIIeHHAM KoHIeHTpari Sr. [le aMeHmmenss posmipy 3epeH, MMOBIPHO, MIHIMI3ye
Me3K1 130JII0I0Y0Tr0 3epHA, IIOTeHIITHO IOKpAIILy 01 HAJIIIPOBIIHI BJIACTUBOCTI. 3arajiom, OTpI/IMaHi
peayIbTaTH cBiIUaThH IIpo Te, 10 3aMiIeHHs St TOKPAIIye HaIIPOBITHI BJIACTUBOCTI, 3MIHIOIOYH
MIKPOCTPYKTYPY MaTepiajly Ta maBuiLyodn GasoBy cTablIbHICTD.

1. Introduction

Mercury-based superconductors,
HgBa,Ca, ;Cu O, 9.5 (With n ranging from
1 to 8, where n represents the number of Cu-
O layers), are well-known for possessing one
of the most intriguing homogeneous series of
high-temperature superconductors due to their
high transition temperatures (Tc), as demon-
strated by the following sequence [1,2] Tc for
n=1 (Hg-1201), is 94 K, n=2 (Hg-1212, 1s 127
K) and n=3 (Hg-1223) is 135 K, respectively.
Under high pressure, the Tc has been further
increased to 150-160 K [3]. All of the super
phases of HgBa,Ca,  ;Cu O, 9.5 crystallize
with a tetragonal structure cell and perovskite
layers, according to research [4]. With the
exception of the fact that the Hg-O layers are
less oxygen-rich, the Hg-based superconductor
structure is essentially the same as that of Tl
and Cu-based superconducting. This difference
is important. It has a provender for a Hg num-
ber of homologous series members [5,6]. where
planes of Cu-O are present, those are responsi-
ble for the superconductivity of high-tempera-
ture [7] . The oxygen atoms are weakly linked
to Hg, and depending on the preparation, their
occupancy are likely to the range over the wide
range. “Unfortunately, phase stability still has
problems, especially in the presence of humid-
ity and CO4. Numerous data indicate that cat-
ion substitutions can enhance phase develop-
ment and characteristics of the superconductor
of Hg-1223 [8]. The Hg-1223 phase formation
and critical current density can be enhanced
by substituting it with a high valence type of
Pb, Re, or another element [9-11]. One of a
material’s most crucial properties is electrical
resistivity, which is also the most popular way
to calculate a superconductor’s Te [12—-14].

This study focuses on the impact of strontium
substitution on the structural and electrical
properties of the HgBa, , . Sr La; ,CasCuqOgq,4
superconductor. It highlights how varying lev-
els of strontium (x =0, 0.1, 0.2) in place of bari-
um affect the material’s transition temperature
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(Tc) and other key characteristics.The key out-
come is the enhancement of the critical temper-
ature (Tc), where Tc onset increased from 127
K to 139 K when x = 0.2. This study points to a
potential enhancement in the superconducting
performance of HgBa, ; Sr Laj,CaysCuqOg,s
by incorporating strontium (Sr) in place of
barium (Ba). Structural changes, such as a de-
crease in the c/a ratio and mass density, were
observed, likely due to the difference in atomic
sizes between Ba and Sr. These changes are
what make the material have improved super-
conducting properties. These results are of par-
ticular significance in the development of high-
temperature superconductors, e.g. Hg-1223.
Replacement of Sr can optimize the properties
of the material and make it more efficient and
applicable in the areas of energy storage and
technological advancements. The research of-
fers very useful information on how the behav-
ior of superconducting materials can be fined-
tuned by such substitutions and this suggests
that such substitutions can find use in real-life
applications in energy systems and even more.

2. Experimental

A sensitive balance was used to weigh pure
powders in a solid state under the materials
HgO, BaO, LaO, CaO, CuO, and SrO, according
to the corresponding General chemical:

HgO + (1.6-x) BaO + x SrO + 0.4La +2CaO+
3Cu0 — HgBa, ¢ . Sr La; ,Ca;CuqOgq,4

The chemical formula synthesized specimens
of HgBa, ¢ . Sr Laj ,CasCug0gq,5 with x = 0,
0.1, and 0.2. Each reactant was weighed sepa-
rately, and the powders were mixed in an agate
mortar to form a homogeneous mixture, which
was mixed for 30 to 50 minutes. The powder
was compacted into disc-shaped pellets with a
thel5 mm diameter and a 2.5 mm thickness us-
ing the hydraulic press at 7 Psi for one minute.
The pellets were heated to 860 °C in a Carbo-
nite electric furnace for 60 hours before being
cooled to room temperature at a heating rate of
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five degrees Celsius per minute. An X-ray dif-
fractometer of the following design (Shimadzu)
was used to determine the crystal structures of
the samples, with the following features: Cu K
1.5405 wavelength as a source 10-80 degrees,
8 degrees per minute scan speed, 30.0 mA
current, and 40.0 kV voltage. a, b, and ¢ lat-
tice parameters were calculated by a computer
program. Based on the Full Prof Suite toolbar
[14-16], this software. The following formula
has been used to estimate a volume fraction of
phase from the XRD peaks of the High-1223
phase The angle and the distance between at-
oms was determined with the help of the analy-
sis using the HighScore Expert software. Also
the same program produced the Maner coeffi-
cients and they were calculated using the fol-
lowing relationship provided in Equation [17]:

dyy =1/ J(R* 1 a®)+ (R 162+ (P 1c*) ()

Where I is the identified phase’s XRD peak in-
tensity, the peak intensities for all XRD are I,
I, ... 1.

The following equation [12] was used to com-
pute the densities (d, ) of the ready samples.

Wm
m=-—— (2)
NAV

Wm stands for molecular weight in units of
amu, NA for Avogadro’s number in units of par-
ticles (per gram. Ml), and V for the volume of a
single cell in units of cm3. The most popular
method for calculating a superconductor’s Tc
(temperature-dependent resistivity) within the
range of temperatures (77-300K) is the four-
point probe method. The sample was placed
inside a cryostat, which was connected to a
rotary pump to generate an internal pressure
of 6x1073 mbar, with a digital thermometer
sensor positioned near the sample. The cop-
per wires attached to a sample were fixed us-
ing a silver paste that was dried in the oven,
and these wires were used as channels for cur-
rent and voltage (Fig. 1). A current source D.C
power supply, delivered a 20mA current to the
sample, and the voltage drop was monitored.
To measure voltage, a nano-voltmeter with a
sensitivity of about V was employed.

The relationship could be used to determine
the resistivity (o) [18]:

VA
P=T4 ®

I and V are the variables that make up the

sample’s current, voltage drop between the
electrodes, sample area A. and thickness (t).
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Fig. 2. Shows the X-ray diffraction patterns for
the HgBa, 4 Sr,Laj ,Ca,Cu;0gq,s samples with
Sr concentrations of x = 0, 0.31, and 0.2. The pat-
terns reveal a shift in lattice parameters, partic-
ularly in the c-axis, as the Sr content increases,
demonstrating the impact of Sr substitution on
the material’s structural changes.
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3. Results and Discussions

X-ray diffraction (XRD) patterns provide
valuable insights into the structural charac-
teristics of the samples. In this study, the XRD
analysis of HgBa; ¢ ,Sr,La, ,CayCu30g4,5 sam-
ples with x = 0.0, 0.1, and 0.2 was performed
using Bragg-Brentano geometry at room tem-
perature. The diffraction patterns (shown in
Figure 2) reveal no sharp structural peaks, con-
firming the amorphous nature of the samples.
Figures (2a, b, and c¢) depict the XRD intensity
patterns as a function of 20 for the samples,
showing how the substitution of Ba by Sr leads
to shifts in the lattice parameters. Specifically,
the ionic radii of Ba+2 (R = 1.35 A) are larger
than those of Sr+2 (R = 1.12 A) [19,20], result-
ing in a shortening of the c-axis as the Ba atoms
are replaced by Sr. This structural modification
is reflected in the observed changes in the dif-
fraction patterns, with a decrease in the length
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Fig. 4. Variation of mass density (pM) as
a function of Sr concentration in HgBa, g
or.Laj ,Ca,Cug0g,5 (x=0,0.1, and 0.2). '

of the c-axis and a shift in the diffraction peaks.
The expansion of the HgO structure at the base
of the diffraction peaks is indicative of the ionic
size differences between Ba and Sr, impacting
the overall lattice structure.

The variation of the c¢/a ratio with Sr con-
centration is illustrated in Figure 3. As seen
in the figure, there is a significant drop in the
c/a ratio across all three samples (HgBa, g
oryLaj ,CayCugOg,6 with x = 0, 0.1, and 0.2)
as the Sr content increases. This reduction is at-
tributed to the difference in ionic radii between
Ba and Sr. Since the ionic radius of Ba (1.35 A)
is larger than that of Sr (1.12 A), replacing Ba
with Sr causes the c-axis to contract, resulting
in a decrease in the c/a ratio.

Similarly, Figure 4 shows the variation of
mass density (pM) with increasing Sr concen-
tration. A noticeable decrease in mass density
is observed as the Sr content increases across
the three samples. This change is due to the
difference in ionic sizes between Ba and Sr, as
well as the introduction of oxygen atoms into
the crystal structure. The smaller ionic size of
Sr reduces the number of voids in the crystal
lattice, leading to a decrease in mass density
[20.21].

The semi-insulating grain boundaries of
High critical temperature superconductors
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Fig. 5. SEM images showing the grain morphol-
ogy of HgBa1.6-xSrxLa0.4Ca2Cu308+6 for x =0
(a), 0.1 (b), and 0.2 (c), highlighting the decrease
in grain size with increasing strontium concen-
tration.

(HTSc) play a negative role in limiting the
critical current and other superconducting and
magnetic properties [23-31]. SEM images in
Figure 5 illustrate the grain structure of sam-
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Table 1 lists samples’ values for lattice parameters a, b, ¢, C/a, mass density M, and volume fraction Vpy
(1223). for various compositions of HgBa, ;  Sr,La, ,CayCus0g,s (x=0.0.1 and 0.2)

X Te(OFF)(K) | Te(ON) (K) a(A0) b(A0) c(A0) c/a pM (g/cm?) 1\275;1%
0.0 118 127 3.77209 | 37721 15.41 4.0852 1.533 73.46
0.1 107 120 3.8302 3.8303 | 15.354 | 4.0015 1.527 71.48
0.2 126 139 3.8361 3.8359 | 15.319 | 3.99337 1.503 77.94

ples with varying strontium concentrations
(x = 0, 0.1, and 0.2). As the concentration of
strontium increases, a noticeable reduction in
grain size is observed. Specifically, the average
grain size decreases from 3.5 um for x = 0 to
1.8 pm for x = 0.2, as measured using Imaged
software. This reduction in grain size is sig-
nificant because it results in fewer insulating
grain boundaries, which play a negative role in
limiting superconductivity. By reducing these
boundaries, the superconducting behavior of
the material is enhanced, leading to an in-
creased effective superconducting volume frac-
tion. The decreased grain size allows for better
connectivity between the grains, promoting a
more efficient superconducting state across the
material. Therefore, the critical current den-
sity and the critical temperature between and
within the grains, bounded by weak bonds, are
expected to increase with increasing grain size.
The qualitative picture provided by the SEM
images is consistent with the results obtained
from various X-ray diffraction measurements,
as shown in Table 1.

A scanning electron microscope (SEM) study
wasconductedonHgBa, , . Sr La; ,Ca,CuqOgq,4
compounds. Backscattered SEM images were
taken for samples with x = 0. 0.1 and 0.2. SEM
studies demonstrated that the sample with x =
0.2 was homogeneous, consisting of stone-like
grains with a typical size of several microns.
On the other hand, samples with x =0 and 0.1
were heterogeneous. SEM images show that
stone-like and sponge-like grains coexist on the
surface of the samples.

Scanning electron microscope images (Fig-
ure 5) indicate that with the addition of stron-
tium elements to the barium site in the Hg-
1223 structure, the shape changes, indicating
a change in the structure of the newly formed
compounds. this indicated the inter- and intra-
grain changes through the susceptibility. In
samples with these elements added, the grain
peak decreased significantly. The grain peak
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overlapped with the intra-grain peak, and the
intra-grain peak decreased further [32].

Using the four-probe method, electrical re-
sistivity was assessed as an indicator of tem-
perature by measuring the voltage and current
flowing through the samples, as shown in Fig-
ure 1. Typical properties of electrical resistiv-
ity of HgBa, 4 Sr La; ,CayCu304,5 (x =0, 0.1
and 0.2), recorded at a temperature range of
100-260 K, are shown in Figure 6. It can be
seen that three samples (x = 0. 0.1 and 0.2) of
the present system show quasi-linear electri-
cal conductivity properties decreasing with de-
creasing temperature [2, 23].

Figure (5) shows the electrical resis-
tance against temperature for samples of
HgLa, 4Ba; ; Sr,Ca,Cus0g4,5 trontium-free
compound and containing it. It is noted from
this figure that all the samples have a metallic
behavior, that is, the resistivity decreases with
the decrease in temperature. Likewise, there is
a gradual decline in the resistivity values un-
til they become zero at a certain value called
the critical temperature Tc (onset Tc) [24,25],
where the critical temperature for all samples
was determined at the beginning of the resis-
tivity drop (That is the point at which the su-
perconductor state first emerges from the regu-
lar state.) 127, 120 and 137 K and zero resis-
tance critical temperature Tc(offset) at 118, 107
and 126 K. The change in the transition width
was (AT =19, 13 and 13). For the samples when
adding strontium oxide (SrO) in the barium
site of the HgBa, ; Sr La; ,CaysCuqOgq,s (x=0.
0.1 and 0.2) samples, respectively, Transition
temperature (Tc(onset)) changed with the stron-
tium concentration as a result of modifications
in each of a, b, ¢ crystal lattice constants and a
decrease in mass density M, which led to an in-
crease and decrease in the volume. The highest
Tc (onset) was 139 K for HgLa, ,Ba; ,Sr, 5La,
4CayCug0g,5 when Sr=0.2, while its value in
the HgBa, 5 Sr, ;La, ,Cay;Cuq0gq,s compound,
which i1s the lowest value equal to 107 K, as
shown in Table 1.
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Fig. 6. Resistivity is temperature dependent for
HgBa, 4 Sr La; ,CasCuqOgq,; -

In summary, the substitution of Sr for Ba
in the HgBa, ¢, Sr Laj,Ca,Cus0gq,5 super-
conductor leads to structural changes, such
as a decrease in the c/a ratio and mass den-
sity, which contribute to the enhancement of
the superconducting properties. Additionally,
SEM analysis showed that reducing grain size
improves grain connectivity, reducing insulat-
ing grain boundaries. These structural modi-
fications, along with the significant increase
in critical temperature (Tc), suggest that Sr
substitution is a promising path for improving
high-temperature superconductors.

Table 1 presents the values of various phys-
ical properties for different compositions of
HgBa, 4 Sr La, ,Ca;,Cus0g4,5, where x takes
values of 0.0, 0.1, and 0.2. In particular, it con-
sists of the superconducting transition temper-
atures (Tc), in OFF and ON, the lattice param-
eters a, b and ¢ (in A), the ratio c¢/a, mass den-
sity (ppp in g/cm 3 and the volume fraction of
the 1223 phase (VPh-1223%). This table shows
the change in these parameters depending on
the composition of the sample, and how the
varying degrees of Sr substitution (x values)
affect the structural and physical properties of
the material, including the change in Tc, lattice
sizes, and density. It is interesting to note that
the Tc(ON) values are 120 K to 139 K, and the
volume fraction of the 1223 phase belongs to
71.48% to 77.94% which means that there can
be substantial changes in the superconduct-
ing properties of the material depending on its
composition.

The results of my study on the superconduct-
ing properties of HgBa, o . Sr La; ,CasCuqOgq,4
were compared with several studies on similar
modifications of Hg-1223 compounds. For ex-
ample, Aljurani et al. (2021) [25] studied the
influence of Tl substitution at the Hg site in
Hg, ,T1,Ba,Ca,Cus0g,s and discovered that
the highest critical temperature Tc was 119
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K in the sample with x = 0.2, which is consis-
tent with my results of different Tc in Sr-doped
samples, with 107 K to 139 K being the highest
and lowest critical temperatures, respectively.
Metskhvarishvili et al. (2020) [33], studied the
sol-gel and solid-state reaction approach to the
synthesis of Hg-1223 compounds and reported
that the approach significantly increased the
transport properties and critical temperature,
and although their findings indicated that the
diamagnetic onset temperature of their sample
was 120 K, this is comparable to effects due to
Sr doping observed in my research which also
indicated that the samples had similar onset
temperatures. In the same way, Hermiz (2020)
[34] studied the effects of TI doping on Hg-1223
and found that the Tc in their best sample in-
creased to 125 K, a slightly higher value than
the highest Tc in my study, 139 K, indicating
that Sr doping has possibly even a stronger ef-
fect on Tec than TI. Also, the results of the re-
search conducted by Wen et al. (2025) [35] on
Hg-1223 demonstrated the exceptional Tec of
the compound, 134 K, and more complicated
superconducting gap structure, but the find-
ings of my study, especially with Sr doping,
provide valuable information on the need to
develop and enhance Tc using doping methods
and identify Sr as a dominant element in the
formation of the best superconducting prop-
erties. Although these works indicate signifi-
cant improvements, the comparison indicates
that Sr doping provides a distinct adjustment
in Hg-1223 compounds, which can outper-
form the work of other dopants such as TI,
Ag, and Pb, which is a better way to increase
superconductivity.

4. Conclusions

The paper states that fusion of stron-
tium (Sr) with barium (Ba) in the HgBa, ¢-
oSr.Lag ,CaysCugOg, 6 superconductor material
promotes significant innovations to the struc-
tural and electrical properties of the material.
It was identified that with the increasing Sr
concentration there were significant shifts in
the lattice parameters, the mass density and
the critical temperature Tc. In particular, Tc
rose to 139 K, the transition to superconduc-
tivity occurred at an elevated temperature, and
hence the behavior was more superconducting.
The replacement also led to a decrease in c/a
ratio and mass density that can be ascribed to
smaller ionic radius size of Sr than Ba. More-
over, SEM studies showed that higher composi-
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tion of Sr lowered the grain size which is ben-
eficial to the superconductivity by minimizing
the insulating grain boundaries and enhanc-
ing the amount of superconducting materials.
These results demonstrate that the HgBa &-
or.Lag ,CayCugOg,5 can be doped with Sr
and thus optimize its Tc properties which can
be of great significances towards further devel-
opment of high -Tc¢ superconductors with en-
hanced stability and performance..
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