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Abstract

This research mainly explores the effect of tilt on the cylinder of proportion and the
reason for the Phase Transition.

When the cylinder is pulled up from the soapy water, the bubble films can be
divided into two different modes, films parallel to the center and vertical to the bottom.
The Phase Transition occurs when the two forms transform into each other due to
different height levels. Some experiments we conducted have concluded that different
prisms being pulled with different tilts affect the height of the Phase Transition. The
larger the tilt from the triangular to hexagonal prism turns, the bigger the height value of
the Phase Transition becomes, vice versa. We also found that hexagonal prism can
perform the Phase Transition, with a critical angle between angle forty to forty-five.

Our research is focused on interpreting the force- and energy-based Phase
Transition. The bubble films can be energy-low and stable through area proportions.
Hence, we calculate and compare different proportions of bubble films to interpret the
Phase Transition.

Also, we have found that the triangular pyramid and the square based pyramid do
not perform the Phase transition. Additionally, the experimental value of the triangular
pyramid is bigger than its theoretical value, more often than not; the experimental value

of the square based pyramid, mostly smaller than its theoretical value.
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HP Sintered |Slow Cooling 500 1 42| 107-5
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HP Sintered |Quenching 500 1 4.1 10~-5
HP Powder |Quenching 500 1 42| 10"-4
SS Sintered |Slow Cooling 510 10 421 10~-3
SS Powder |Slow Cooling 510 10 38| 107-3
SS Sintered |Quenching 510 10 47| 10"-2
SS Powder |Quenching 510 10 4.7 107-2
RAPET |Sintered |Slow Cooling 510 10 47| 10™-4
RAPET [Powder |[Slow Cooling 510 10 46| 107-5
RAPET (Sintered |Quenching 510 10( 5.03| 1074
RAPET |Powder [Quenching 510 10| 5.03| 1074
SS MT Compounding Comparison (SC) RA MT Compounding Comparison (SC)
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Method [Condition| Cooling Con |Temp deg ({ Hold Time (Hr) | Tc (K) |Mag. Sus.
HP Sintered|Slow Cooling 500 1 4.2 107-5
HP Sintered|Quenching 500 1 4.1 107-5
HP Powder |Slow Cooling 500 1 4.2 107-5
HP Powder |Quenching 500 1 4.2 107-4
SS Sintered|Slow Cooling 510 10 4.2 107-3
SS Sintered|Quenching 510 10 4.7 107-2
SS Powder |Slow Cooling 510 10 3.8 107-3
SS Powder |Quenching 510 10 4.7 107-2
RAPET |[Sintered|Slow Cooling 510 10 4.7 10”-4
RAPET |Sintered|Quenching 510 10| 5.03 107-4
RAPET |Powder [Slow Cooling 510 10 4.6 107-5
RAPET |Powder [Quenching 510 10| 5.03 107-4
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SQUID
Method | Condition |Cooling Con | Temp deg CHold Time (Hr|  Tc (K) Mag. Sus.
HP Powder Slow Cooling 450 1 4.2 107-5
HP Powder Slow Cooling 500 1 4.2 107-5
HP Powder Slow Cooling 500 2 4.2 107-5
HP Powder Slow Cooling 600 2 2.9 107-5
SS Sintered Quenching 510 10 4.7 107-2
SS Sintered Quenching 550 12 NA NA
SS Sintered Quenching 600 12 NA NA
RAPET |Powder Quenching 450 10 3.6 107-4
RAPET |Powder Quenching 510 10 5.03 10"-4
RAPET |Powder Quenching 550 10 X X
RAPET |Sintered Quenching 510 10 5.03 10"-4
RAPET |Sintered Quenching 450 10 4.9 10~-5
RAPET |Sintered Quenching 550 10 X X
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Full Seale 15062 ots Curscy: 0000 ke W

I
[Full Scale 33040 ots Cusor: 0.000 ke¥

BOS4 1

element |atomic weight] mass% mol% total real rate
Bi 208.98037 80.62|0.38577786| 1.32678527| 0.29076134
0 16 10.75| 0.671875(1.32678527| 0.50639317
S 32.066 8.63(0.26913241| 1.32678527| 0.20284549
BOSS_1

element |atomic weight] mass% mol% total real rate
Bi 208.98037 82.91(0.39673583| 1.26006517| 0.31485342
0 16 10.55| 0.659375(1.26006517| 0.52328643
S 32.066 6.54(0.20395434| 1.26006517 0.16186016

Solid State Reaction Method of SEM Pictures and EDX Data
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—

Full Beale 11625 ots Cuesop: 0000 ke W

)

BOS7_1

element [atomic weight] mass% mol% total real rate
Bi 208.98037 82.38| 0.3941997|1.23804599|0.31840473
0] 16 9.4 0.5875(1.23804599| 0.47453811
S 32.066 8.2210.25634629| 1.23804599 | 0.20705716
BOS11_1

element |atomic weight] mass% mol% total real rate
Bi 208.98037 82.57]0.39510888| 1.19576713| 0.33042293
0] 16 8.22 0.51375(1.19576713| 0.42964051
S 32.066 9.2(0.28690825( 1.19576713| 0.23993656
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RAPET TEM Pictures and EDX Data

10 1/nm

0.2 Uil
e

RBOS1_2
element ptomic weigh{ mass% mol% total real rate
Bi 208.98037 84.9(0.40625825| 0.9031529( 0.44982223
@) 16 0.83 0.051875| 0.9031529|0.05743767
S 32.066 14.27)10.44501965( 0.9031529| 0.4927401

RBOS2_1

element ptomic weigh{ mass% mol% total real rate
Bi 208.98037 91.03( 0.43559115| 0.74476344| 0.58487182
@) 16 0.95 0.059375| 0.74476344 0.0797233
S 32.066 8.01(0.24979729| 0.744763441 0.33540488
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Ideal Ratio|Actual BifActual S|Actual Ratio|Sample Average|Method Average
HP1 1.33 0.29 0.20 1.43
1.33 0.34 0.28 1.20
1.33 0.30 0.23 1.33 1.32
HP2 1.33 0.37 0.28 1.30
1.33 0.33 0.36 0.92
1.33 0.34 0.40 0.87 1.03
HP3 1.33 0.34 0.44 0.77
1.33 0.26 0.13 2.09
1.33 0.29 0.14 2.13 1.66
HP4 1.33 0.32 0.22 1.45
1.33 0.38 0.55 0.70
1.33 0.29 0.18 1.64
1.33 0.32 0.30 1.07 1.62 1.41
SS1 1.33 0.32 0.21 1.54
1.33 0.30 0.21 1.41
1.33 0.33 0.19 1.75
1.33 0.32 0.21 1.53
1.33 0.32 0.20 1.63 1.57
SS2 1.33 0.33 0.24 1.38
1.33 0.34 0.27 1.28
1.33 0.33 0.23 1.43
1.33 0.33 0.24 1.39
1.33 0.33 0.25 1.35 1.36 1.47
RA1 1.33 0.43 0.50 0.88
1.33 0.45 0.49 0.91
1.33 0.39 0.39 1.00 0.93
RA2 1.33 0.58 0.34 1.74
1.33 0.45 0.38 1.21
1.33 0.58 0.30 1.91 1.62
RA3 1.33 0.42 0.47 0.89
1.33 0.44 0.50 0.89
1.33 0.44 0.41 1.07 0.95 1.17

PR Y G A ESEM B d B RA S AL S US GRS
L R ERE RS B SRR RER L A SN
SRR - SRR E G 5 R RS e e e R T,

R R e T RS

RAPET & TEM Bl ® * 5% ] 5 100 ¥ - igH 2t +itka B SEM
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Abstract

Exotic non-BCS type superconductors are often seen in quasi-two-dimensional
materials. Recently, superconductivity with superconducting transition temperature
Tc reaches 4.4 K has been reported in a newly synthesized BiS;-based Bis04S; [1,2].
It is known that chemical deficiency can severely affect the superconducting
properties. There are several methods that can be used for fabricating ceramic

materials.

In this project, | studied the superconducting properties of Bi4O4S; and LaOBIS;
that are synthesized using the three methods and two cooling processes. Each of the
high-pressure synthesis, solid-state reaction and reactions under autogenic pressure at
elevated temperature (RAPET) method can provide a unique chemical environment
for crystallization. Slow cooling in room temperature allows the atoms to crystalize in
the designed structure, while rapid quenching in liquid nitrogen can provide severe
chemical disorder. Results show that chemical disorder created by RAPET or by rapid
guenching plays an effective role in the development of superconductivity in BiS,-
based oxides. A 15% S-deficiency in tri-layered Bi;O4S; created by RAPET with
rapid quenching raises the superconducting Tc by 11%. Surprisingly,
superconductivity does appear in the bi-layered LaOBIS; created by RAPET with
rapid quenching. A 25% Bi-deficiency was observed in the sample, which triggered

the development of superconductivity.
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l. Introduction

Superconductivity is a phenomenon of zero electrical resistance and exhibits
diamagnetism when cooled below a critical temperature. Superconductivity has been
discovered in 1910s, when Mercury was found to have zero resistivity in low
temperature. After this huge discovery, an issue continued for a couple of decades,
there had not been a rise of transition temperature (Tc) as expected. Later on, the
discovery of copper oxide based (cuprates) superconductors introduced a new

generation of high-T¢ cuprates.

The main influence of the high critical temperature of cuprates is its low
dimensionality, forming a layer structure. Low dimensionality plays a very important
role in condensed mater physics, which favors strong fluctuations of ordering
parameters of charge, spin, orbital and lattice in strongly correlated system.
Mizuguchi et al. had recently discovered a novel BiS,-based superconductor, BizO4Ss.
It attracted a lot of attention due to its analogies to cuprates and iron-based
superconductors. The goal of my project is to find major causes that contribute to the
increase of critical temperature of BiS,-based layered superconductors. After the
determination of various factors such as synthesizing temperature and time, |
experimented with three different reaction methods along with two cooling processes.
Results show that chemical disorder created by RAPET or by rapid quenching plays
an effective role in the development of superconductivity in BiS,-based oxides.

Il. Materials and Methods

(1). Apparatus

1. Synthesis
(1) High Pressure Cubic Anvil Synthesis, TRYCA 350 SANKYO

(2) Solid State Reaction Method
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(3) RAPET Method (Reactions under Autogenic Pressure at Elevated

Temperature)

2. Analysis
(1) XRD (X-ray Diffractometer), PANalytical X’Pert X-ray Diffraction

(2) EDX (Energy Dispersive X-ray)

(3) SEM (Scanning Electron Microscope)

(4) TEM (Transmission Electron Microscope)

(5) SQUID (Superconducting Quantum Interference Device) Quantum Design

(6) PPMS (Physical Property Measurement System), Quantum Design 6000

(11). Experimental Preparation

1. Material Preparation

Riedel-deHaén®

13803

Sulfur puriss.

Schwefe|

Figure 1. Chemicals used in this project
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Table 1. Chemical names

Chemical Name Abbreviation Manufacture
Bismuth Powder Bi Alfa Aesar
Bismuth Oxide Bi,O3 Cerac
Sulfur S Riedel-deHaen
Bismuth(I11) Sulfide Bi,S;3 Sintering Bismuth and Sulfur powder
Bismuth(I11) Telluride Bi,Tes Alfa Aesar
Bismuth(l11) Selenide Bi,Se; Alfa Aesar

Chemical formulas

Bi,O4S; Commercial Powder:

4Bi,03+4Bi+9S — 3 Bi,04S3

Bi4O4S; First Sinter:

BizS3+4Bi203+3S -3 Bi40483

Bi,sTe,S; Powder:

4Bi,Tes+4Bi+9S — 3BisTe4S3

BisSe,S; Powder:

4Bizse3+4Bi+9S - 3Bi4Se483

2. Experimental Preparation

» Convert molecular weight and calculate the appropriate weight of each

chemical.

»  Grind chemicals together into well-mixed powder.

» Decide synthesizing method and other conditions for commercial powder

preparation after grinding while keep preparing for first sintered Bi,S;

powder.
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» Compress the well-mixed powder into an ingot and prepare by solid state
reaction method with the condition of 510 degrees for 10 hours to prepare

for sintered Bi,S3 powder.

3. Cooling Process

(1) Slow Cooling
»  Wait until the sample cool off to room temperature.
(2) Quenching

»  Prepare liquid nitrogen, beaker, and a clamp.

»  Put sample into the beaker and pick the beaker up by a clamp, and put the
beaker half way into the liquid nitrogen to let sample cool down fast enough.

» We use liquid nitrogen for cooling for two main reasons. If cool our
samples by water and the water spills into the sample, it might contaminate
the sample while liquid nitrogen turns into gas. Another reason is that liquid
nitrogen is much colder than water, which drops the sample temperature

faster than water.
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(111). Reaction Methods

1. Solid State Reaction Method

(1) Brief Description of Solid State Reaction Method

The solid state reaction method could be used to prepare a large range of
materials from metal oxides, sulfides and more. This method could be used to prepare
a large number of compounds. The only required machineries are sealing and heating
machines, which would be easier to have rather than RAPET or high pressure
synthesis. In comparison to other methods like high pressure synthesis, the created
sample would be much larger in amount. Although, solid state reaction method takes
a longer time throughout the sample making process, but it may be more effective

after determining the favorable temperature, time, and sample condition.
(2) Apparatuses and Materials

» Quartz Tube
>  Tube Sealer
>  Tube Heater

(3) Procedure
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»  High purity chemicals of Bi4O4S3 are weighed in the correct stoichiometric
ratio to about 2g to create the ingot.

»  Grind and mix the appropriate chemicals that makes the Bi,O4S3; compound.

»  Compress compounds into ingot with the weight of 3 tons for 15 minutes.

>  Evacuate Quartz tube with the tube sealer to 10 Torr and seal the Quartz
tube first by the mechanical pump, then the turbopump.

> Insert quartz tube into the tube heater and program heating condition of the

tube heater manually.

2. High Pressure Synthesis Technique

2 (b)

(@ .. B %%
Figure 3. (a) Interior photo of HPS (b) HPS

(1) Brief Description of High Pressure Synthesis

High pressure synthesis method is more advantageous than other methods while
exploring new materials. One can shorten the periods required for the sample
synthesis process, which may be extremely useful to find out the condition suitable
for the material. The material increases its density through compressing the
compound, which may increase the stability by forming new compounds with smaller
volume. High pressure synthesis method could also prevent evaporation of toxic

elements like As, K, and more.

Throughout the history of cuprate superconductors, high pressure synthesis
method has been a powerful tool of the discovery of high T, superconductors and
multi-layer superconductors. Therefore, high pressure synthesis would be a fine
choice for new material hunting and determining the time, temperature, and pressure

conditions for a new material.
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(2) Apparatuses and Materials

YV V. V V V V

High Pressure Cubic Anvil Synthesis, TRYCA 350 SANKYO
Boron Nitride powder (to make Boron Nitride tubes and disks)
Graphite tubes and plates

Stainless steel Rings

Pyrophyllite plates and cubes (Al,SizO10(0OH),)

Molybdenum plates

(3) Procedures

<
(b) @

\ D '
=
o
. Sample
T BN tube
Current flow
BN plate
Graphite tube

Graphite plate

Stainless steel ring

<
- .
. Pyrophy llite plate

Molybdenum plate

Pyrophyllite
AlpSi4010(0H)2

1 < 15mm >
Figure 4. (a) (b) High Pressure Routine

High purity chemicals of Bi;O4S; are weighed in the correct stoichiometric
ratio.

Grind and mix the appropriate chemicals that makes the Bi,O4S; compound
Compress 0.36g of Bi4O4S3 into an appropriate size pellet and encapsulated
into closed container made of Boron Nitride tube and plates.

9
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>

Place the sample with Boron Nitride into graphite tube and disks and stack
other apparatuses (stainless steel ring, Pyrophyllite plates, and
Molybdenum plates) in an order of the picture shown below.

Assemble the stack into the Pyrophyllite cube and insert it into wedge-type
cubic anvil.

Insert the whole cubic anvil into the high pressure apparatus.

Adjust the high pressure apparatus and program the temperature and current
conditions of the sample manually with drawn out condition as the picture
below.

Press the button that activates the pressure pump to increase the sample up
into the high pressure apparatus, then run the pressure program.

Manually make slight adjustments of starting pressure (8ml/min), when
target pressure is three times the actual, then press to increase to start
pressuring the sample.

Make slight pressure adjustments for the first few minutes because of the
elastic and plastic deformation of cubic anvil, then and run the current
program.

Sample starts synthesizing by the high pressure apparatus, and the whole

process would be finished as the entered time condition.

Pressure

Temperature

Time
Figure 5. Time and Pressure condition figure

10
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3. RAPET Method (Reactions under Autogenic Pressure at Elevated

Temperature)

Figure 6. RAPET Reactor
(1) Brief Description of RAPET Method

RAPET method is a special method that could use to fabricate Nano scale
samples. Unlike high pressure synthesis or solid state reaction method, the resulting
sample may be quite powdery which may result the difficulty to do analysis such as
PPMS (Physical Property Measurement System). Although it may be powdery, but it
is a rapid and convenient method, it could also be used as a method that determines
sample condition. This is a rare method to use for fabricating samples and the

advantages it have makes RAPET a great method for my purpose.
(2) Apparatuses and Materials

» RAPET tube heater
»  Switch Lock

(3) Procedure

> High purity chemicals of Bi,O4S; are weighed in the correct stoichiometric
ratio to about 2g.
»  Grind and mix the appropriate chemicals that makes the Bi;04S; compound.

11
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> Insert chemicals into the switch lock, and lock the switch lock tightly on
both sides to prevent spilling.

> Insert the switch lock into the tube of the tube heater, close all knobs of
tube heater.

» Open up a knob by a knob so that each section of tubes are vacuumed
section by section with the mechanical pump to about 10 Torr.

» Once the gauge reaches a point where the tube is fully vacuumed, open up
the Argon gas.

»  Open up the gas flow button and adjust the amount of gas flow accordingly
when it approaches to full.

» Open up a knob of the end of RAPET tube heater for the circulation of
Argon gas.

»  Program condition manually.

4. PLD (Pulsed Laser Deposition)

(b)
Figure 7. (a) (b) PLD

(1) Brief Description of PLD

PLD is where a high power pulsed laser beam is focused into a single point
inside of a vacuum chamber to strike a target of a material. This material will be

vaporized from the target and deposits it as a thin film on a silicon wafer substrate.
(2) Apparatuses and Materials

»  Entire set of PLD Apparatus

12
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(3) Procedure

Set laser program and prepare apparatus setup for PLD
Adjust focus lens to focus laser correctly
Insert target

vV V V V

Turn on laser to start PLD

(IV). Analytical Methods

1. SQUID (Superconducting Quantum Interference Device)

Figure 8. SQUID

13
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(1) Brief Description of SQUID

SQUID, the superconducting quantum interference device is built during 1960s.

The SQUIDs are superconducting devices that measure magnetic flux and output

voltage signal. The data shows the zero field cooling (ZFC) and field cooling (FC)

curves, which indicates its magnetic moment in a specific temperature. To find desire

value of magnetic susceptibility, we use the equation of emu/(Oe*g) to determine it.

SQUID helps us to find the T, and the magnetic susceptibility, which makes it an

extremely strong method for the analysis of superconductors.

(2) Functions

>

Insert sample by small amount of powder contained in a plastic capsule
inserted in a plastic straw or by a little piece clipped in a brass straw.

Screw the brass straw or plastic straw onto the carbon tube and insert it into
SQUID when the condition shows 300K for temperature, 00e for magnetic
field, and Sequence Idle.

Press button twice to purge and seal for a total of 9 times including the first
press that SQUID does automatically once the sample is inserted.

Locate sample and center it to verify the detecting point.

Start zero field cooling (ZFC) at the temperature from 300K down to 10K
at the rate of 15K/min, and 10K to 2K at the rate of 3K/min.

After reaching 2K, add field of 100e and measure 4 sec/point up to 15K,
and this is the ZFC portion of measurement.

Start field cooling (FC) at 15K and measure back to 2K with 100e at the
same rate. SQUID measurement is done after raising temperature back to
300K, no field, and shows sequence idle.

14
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2. XRD (X-ray Diffractometer)

Figure 9. XRD Device
(1) Brief Description of XRD

The basics of X-ray Diffraction came from Bragg’s Law n/ =2dsing, where he
developed the relationship to explain how different faces of crystals appear to reflect
X-ray beams at certain angles. It provides the data of the intensity of the beam at
different angles. The different peaks represent a certain identity of the material and
we would be able to find the contributions of different compounds. Another
application of the data would be identifying Miller indices of the crystal faces by the

combination of other measurements.

15
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(2) Functions

»  Grind sample into powder and place it on the zero diffraction plate that is
made of silicon cut at special orientation.

»  Flatten the powder sample on the zero diffraction plate and insert it into the
XRD.

>  Set angle from 10 degrees to 80 degrees (2qg) to prevent the rays from
hitting the detector to create damage of the XRD.

3. PPMS (Physical Property Measurement System)
(1) Brief Description of PPMS

The physical property measurement system generates a data that indicates the
resistance of the sample through different temperature. To have a more accurate
description, we would have to change the resistance data into resistivity. The
resistivity is calculated by the (resistance x width x thickness)/length between the two
middle threads. This could more accurately determine the superconductivity of a
sample since resistance changes with the size of the sample while the resistivity does

not.
(2) Functions

>  Prepare hard samples and attach it with four Platinum threads with silver
colloid.
> Insert it into the PPMS machine

4. EDX (Energy-dispersive X-ray spectroscopy)

EDX is an analytical technique used for the chemical characterization of a
sample. In this case, when we have the EDX data it shows the mass percentage of Bi,
O, and S. EDX uses the interaction of some source of X-ray excitation to examine a
sample. It emits a beam of charged particles such as electrons to the sample being
studied. Therefore we are able to tell what exactly is in the sample and its percentage

to examine whether the ratio of the compound remains or fluctuates.

16
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5. SEM (Scanning Electron Microscope)

SEM is a type of electron microscope that produces images of a sample by
scanning it with a focused beam of electrons. The produced images are usually

measured in the unit of micrometer.

Figure 10. SEM

17
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6. TEM (Transmission Electron Microscopy)

TEM is a microscopy technique whereby a beam of electrons is transmitted

through an ultra thin specimen producing an image at the unit of nanometers.

Figure 11. TEM

18
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lll. Results

(1). Sample Condition Analysis

1. Testing Temperature Condition

I’ve chosen high pressure synthesis method as a starting method for this
experiment considering its effectiveness for hunting new materials and determining
its condition. Setting the starting temperature around 500 degrees by paper surveying
for temperature condition of solid state reaction method since there wasn’t any paper
about high pressure synthesis on BisO4S; back then. I've tested three different
temperature conditions ranging from 450 to 600 degrees to check whether 500
degrees would be an appropriate synthesizing temperature and analyzing by SQUID
and PPMS.

Table 2. Synthesizing temperature data

SQuUID PPMS
Name |Method |Condition| Cooling Con | Temp deg C| Hold Time (Hr) | Tc (K) |Mag. Sus.|Resistiv (mohm-cm)
HBOS1 |HP Powder |Slow Cooling] 600 2 2.9 107-5 1.05
HBOS2 |HP Powder |Slow Cooling] 500 1 4.2 107-5 2.97
HBOS3 [HP Powder |Slow Cooling] 450 1 4.2 107-5 85.1
HP RT Different Temperature Condition HP MT Different Temperature Condition
120 450°C L - 450°C
- 42K
—_ 600°C
100 F I .
*
0.5 L 29K
o %r 04l Q 500°C
15 z | = 50 fa
T sl g 0 g / 4.2K
& b L
g 202 2 T
= 40 | .l =S-or X FENGES
R B N ; / 500°C = 380w :cfnﬁ !
Temperature (K) sk ".‘ 00°C = 450u o) ::.
20 - .r’. e A R
500°C ¢ Temparsturs (K)
N ewo’c 20 . : .
0 100 200 300 0 5 10 15
Temperature (K) Temperature (K)

Figure 12. (a) Resistivity to temperature graph (b) Magnetic susceptibility to temperature
graph

Through the chart above, we could easily conclude that the T, is mostly 4.2
while magnetic susceptibility are all consistently 10™. The only change that we could
find is from PPMS, the lowest resistivity is 1.05, but its T, is much lower than others.

19
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Therefore, we may be able to conclude that the highest Tc with the second lowest
resistivity would be our best choice and that is the sample with temperature 500

degrees Celsius.

Besides form the chart, the two graphs show the magnetic susceptibility and
resistivity. The graph on the left, data by SQUID shows that 450 and 500 degrees data
have better superconductive percentage than the 600 degree one. The graph of the on
the right shows that the 500 degree sample has the steepest drop of resistivity, closer

to zero resistivity, and have the highest T, from the PPMS data.

I could conclude that temperature conditions of future samples would be about
500 degrees Celsius. By following the temperature condition, we continued our
experiment by comparing different chemical compounding condition and cooling

condition.

2. Testing Chemical Compounding Condition

There are two ways to prepare for BisO4S3, a way with first sintered Bi,S3, and a
way with just commercial powder. By paper surveying, I’ve find that couple of papers
have proven that the first sintered chemical compound of Bi,S3 increases Bismuth
Oxysulfide’s superconductivity through the solid state method. Therefore, decided to
compare the two ways to prepare BisO4S3 with three synthesizing methods, high
pressure synthesis, solid state reaction method, and RAPET. Before experimenting, |
had an expectation that first sintered Bi;O4S3 would have a higher T, greater

magnetic susceptibility, and less resistivity.

| prepare first sintered Bi,S3 by Bismuth powder and Sulfur powder in by their
appropriate ratio and use the solid state reaction method by holding 10 hours at 510

degrees Celsius.
Chemical formulas to prepare Bi;O,Ss:
Commercial Powder:
4Bi,03+4Bi+9S — 3 Bis04S;3
First Sintered Bi,Ss:

20
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Bi,S3+4Bi,03+3S — 3 Bis04S;
The three different method comparisons are shown on the chart below.
Table 3. Sintered and Powder Sample Table
sQuID
Method |Condition| Cooling Con |Temp deg Q Hold Time (Hr) [ Tc (K) |Mag. Sus.
HP Sintered |Slow Cooling 500 1 4.2 107-5
HP Powder [Slow Cooling 500 1 42| 107-5
HP Sintered [Quenching 500 1 41| 1075
HP Powder [Quenching 500 1 42 1074
SS Sintered |Slow Cooling 510 10 421 10~-3
SS Powder |Slow Cooling 510 10 3.8 107-3
SS Sintered [Quenching 510 10 471 107-2
SS Powder |Quenching 510 10 4.7 107-2
RAPET |Sintered |Slow Cooling 510 10 47| 10”-4
RAPET |Powder |Slow Cooling 510 10 4.6 107-5
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RAPET |Powder |Quenching 510 10| 5.03| 10~-4
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Figure 13. (a) Magnetic susceptibility graph of SS (b) Magnetic susceptibility graph of
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High Pressure Synthesis:

High pressure synthesis sample tend to have similar T, despite the difference of
compounding condition (sinter or powder). High pressure synthesis of sample shows
that the T, would probably be about 4.2K while magnetic susceptibility would be at
about 10™. Although we are able to generalize its T. and magnetic susceptibility, but
we are unable to determine a pattern from the data. We are unable to determine which
compounding condition would have the best superconductivity because of the little
changes in the data as well as the inconsistency. The reason of the inconsistency could
be further discussed in chemical analysis by EDX.

Solid State Reaction Method:

Solid state sample with first sinter has slightly higher T. than commercial
powder especially with slow cooling method. There’s a 0.4K T, difference between
sintered sample and commercial powder sample. This is considerably high for a new
material with a low T, to start with. The length of the drop after T, on the SQUID MT
data has a significant difference. This meant that the superconductive percentage of
sintered sample rose. Therefore, both T, and magnetic susceptibility rose for sintered

sample.
RAPET:

The performance of sinter and powder samples during quenching by using
RAPET method has rather constant T, values and magnetic susceptibility. But there’s
a slight change of T, and magnetic susceptibility in the slow cooling sinter and
powder sample data. The sintered sample has higher T, with a larger magnetic

susceptibility.
Conclusion of Compound Condition:

RAPET and solid state reaction method both shows that first sintered BOS has a
bit better performance than the powder ones. But high pressure synthesis does not
prove that first sintered BOS has better performance than powder ones. Possible
reasons of why high pressure synthesis would be less effective in comparison with

solid state reaction method is shown below.
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® EDX shows that high pressure synthesis by our condition does not provide
uniform BOS.

® \Why did quenching samples of different compounding condition remain the

® Possibly needs to increase the time at its highest temperature considering

3. Testing Cooling Condition

Another condition factor that we could change to increase its T., magnetic
susceptibility, or resistivity is by changing its cooling temperature through slow

through quenching?

cooling or quenching.

Table 4. Cooling condition results

while we only have 1 hour during high pressure synthesis

PH 024

same T, while the slow cooling samples change? Possible structural change

that both RAPET and solid state reaction method, we used about 10 hours

SQuUID
Method [Condition| Cooling Con |Temp deg { Hold Time (Hr) | Tc (K) |Mag. Sus.
HP Sintered|Slow Cooling 500 1 4.2 10”-5
HP Sintered|Quenching 500 1 4.1 107-5
HP Powder |Slow Cooling 500 1 4.2 107-5
HP Powder [Quenching 500 1 4.2 107-4
SS Sintered|Slow Cooling 510 10 4.2 107-3
SS Sintered|Quenching 510 10 4.7 107-2
SS Powder |Slow Cooling 510 10 3.8 107-3
SS Powder [Quenching 510 10 4.7 107-2
RAPET [Sintered|Slow Cooling 510 10 4.7 10”-4
RAPET |Sintered|Quenching 510 10| 5.03 107-4
RAPET [Powder |Slow Cooling 510 10 4.6 107-5
RAPET |Powder [Quenching 510 10| 5.03 10~-4
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Figure 14. Magnetic susceptibility graph of different cooling condition
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Figure 16. Magnetic susceptibility graph of different cooling condition
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High Pressure Synthesis:

PH 024

As said before, high pressure synthesis have rather similar result with both slow

cooling and quenching, powder and sinter.

Solid State Reaction Method:

By comparing solid state reaction method, quenching seem to improve both T,

and magnetic susceptibility. T, has an increase of almost 1K maximum while

magnetic susceptibility of quenching is about 10 times the slow cooling, which means

that the superconductivity percentage increases drastically.

RAPET:

T, of quenching method is about 0.4K higher than T, of slow cooling method.

The maximum magnetic susceptibility change of quenching to slow cooling has 10

times difference where quenching method samples have larger magnetic susceptibility.

4. Testing Temperature Condition of Different Methods

Table 5. Temperature condition variation results

SQUID
Method | Condition |Cooling Con | Temp deg CHold Time (Hr]  Tc (K) Mag. Sus.
HP Powder Slow Cooling 450 1 4.2 10/-5
HP Powder Slow Cooling 500 1 4.2 107-5
HP Powder Slow Cooling 500 2 4.2 107-5
HP Powder Slow Cooling 600 2 2.9 10n-5
SS Sintered Quenching 510 10 4.7 107-2
SS Sintered Quenching 550 12 NA NA
SS Sintered Quenching 600 12 NA NA
RAPET [Powder Quenching 450 10 3.6 107-4
RAPET [Powder Quenching 510 10 5.03 10"-4
RAPET [Powder Quenching 550 10 X X
RAPET |[Sintered Quenching 510 10 5.03 107-4
RAPET |[Sintered Quenching 450 10 4.9 10”-5
RAPET |Sintered Quenching 550 10 X X
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We made assumptions in prior about temperature conditions that all methods
have about the same range of best temperature conditions. But this assumption has to

be verified.

High pressure synthesis tends to have a larger temperature range larger than 600
degrees Celsius where superconductivity still exists. Whereas Solid State and RAPET
method has a small range that superconductivity exists, which is at least less than 550
degrees Celsius. This may be cause by the lack of sulfur in RAPET and solid state
reaction method.

One of the advantages of high pressure synthesis is that it protects sulfur from
leaving the sample, while RAPET and solid state method doesn’t. Sulfur would be
able to diffuse out of the sample into the tube for RAPET method, while it may also
leave the sample into the quartz tube for solid state reaction method. A way to

determine whether this hypothesis may be true is by EDX data and XRD.

5. Doping of other BiS, layered superconductors Bi;Se;S; and Bi;Te,S;

I’ve tried doping other materials such as BisSesSs and BisTesS; to see if other
BiS, based compounds might also be superconductors. But results have shown that
Bi;Se,S3 and BisTesS3 do not have superconductivity, probably because of the cause
of having a much larger atomic scale so that the compound crashes.

(11). Chemical Analysis

By using EDX to find the mass percentage of Bi, O, and S, we are able to figure
out the ratio to see whether the three elements are in their 4:4:3 ratio. By Mass
percentage/atomic weight, we would be able to get the molecular percentage. Then,
turn it into a ratio to have a comparison with the 4:4:3. The pictures and data below

are a few of the chemical analysis of Bi;O4Ss.
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High Pressure Synthesis SEM Pictures and EDX Data

L\f‘ (h)u]l Seole 3300 ot icw 000 ke W é]neV|

Figure 18. (a) (b) (c) (d) (e) (f) SEM images of HP (g) (h) EDX data of HP
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Table 6. HP EDX table

PH 024

BOS4 1
element [atomic weight| mass% mol% total real rate
Bi 208.98037 80.62|0.38577786| 1.32678527| 0.29076134
0] 16 10.75] 0.671875(1.32678527| 0.50639317
S 32.066 8.63(0.26913241| 1.32678527| 0.20284549
BOS9_1

element [atomic weight| mass% mol% total real rate
Bi 208.98037 82.91(0.39673583| 1.26006517| 0.31485342
0] 16 10.55| 0.659375(1.26006517| 0.52328643
S 32.066 6.54(0.20395434| 1.26006517| 0.16186016

Solid State Reaction Method of SEM Pictures and EDX Data

15.0kv %48,

758pFm
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Figure 19. (a) (b) (c) (d) (e) (f) SEM images of SS (g) (h) EDX data of SS

Table 7. SS EDX table

BOS7_1

element [atomic weight| mass% mol% total real rate
Bi 208.98037 82.38| 0.3941997]|1.23804599| 0.31840473
0 16 9.4 0.5875( 1.23804599| 0.47453811
S 32.066 8.22(0.25634629| 1.23804599| 0.20705716
BOS11_1

element [atomic weight| mass% mol% total real rate
Bi 208.98037 82.57(0.39510888| 1.19576713| 0.33042293
0] 16 8.22 0.51375]1.19576713| 0.42964051
S 32.066 9.210.28690825( 1.19576713| 0.23993656
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RAPET TEM Pictures and EDX Data

(a) 200 gl (b) U2 il

() e— (d)====
Figure 20. (a) (b) (c) (d) TEM images of RA

Table 8. RA EDX table

RBOS1_2

element ptomic weighl mass% mol% total real rate
Bi 208.98037 84.9(0.40625825| 0.9031529(0.44982223
0 16 0.83| 0.051875| 0.9031529(0.05743767
S 32.066 14.27(0.44501965| 0.9031529( 0.4927401
RBOS2_1

element ptomic weighl mass% mol% total real rate
Bi 208.98037 91.03(0.43559115| 0.74476344| 0.58487182
0 16 0.95( 0.059375|0.74476344| 0.0797233
S 32.066 8.01(0.24979729| 0.74476344 | 0.33540488
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By the pictures above, we would be able to tell that the difference between
two types of SEM pictures by high pressure synthesis and solid state reaction method.
High pressure synthesis samples are rougher surface than solid state reaction method
samples. But both samples seem to be uniformly synthesized by the two methods.

Seems like the rougher sample would have lower T than the smoother one.

By looking at the TEM samples of RAPET, it shows that RAPET samples are
at about hundered nanometers in scale. That is much smaller than the two SEM
samples above. The two pictures show that the sample is layered structure by its
rectangular form. Therefore, the reason which RAPET have a higher T is caused by

the sample being nano-scale.

Since the smoothness of the sample may effect its T,, then another method
should be introduced. Through film making, the sample should be completely smooth,
and change our polycrystalline sample into monocrystalline. Through XRD, it shows
that the peaks of polycrystalline sample did become less in quantity, but did not turn
into a monocrystalline. Tried several times, but was not able to change it into a

monocrystaline to see if there might be possible changes in Te.
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Table 9. EDX results analysis

Ideal Ratio|Actual Bi|Actual S|Actual Ratio|Sample Average|Method Average
HP1 1.33 0.29 0.20 1.43
1.33 0.34 0.28 1.20
1.33 0.30 0.23 1.33 1.32
HP2 1.33 0.37 0.28 1.30
1.33 0.33 0.36 0.92
1.33 0.34 0.40 0.87 1.03
HP3 1.33 0.34 0.44 0.77
1.33 0.26 0.13 2.09
1.33 0.29 0.14 2.13 1.66
HP4 1.33 0.32 0.22 1.45
1.33 0.38 0.55 0.70
1.33 0.29 0.18 1.64
1.33 0.32 0.30 1.07 1.62 1.41
SS1 1.33 0.32 0.21 1.54
1.33 0.30 0.21 1.41
1.33 0.33 0.19 1.75
1.33 0.32 0.21 1.53
1.33 0.32 0.20 1.63 1.57
SS2 1.33 0.33 0.24 1.38
1.33 0.34 0.27 1.28
1.33 0.33 0.23 1.43
1.33 0.33 0.24 1.39
1.33 0.33 0.25 1.35 1.36 1.47
RA1 1.33 0.43 0.50 0.88
1.33 0.45 0.49 0.91
1.33 0.39 0.39 1.00 0.93
RA2 1.33 0.58 0.34 1.74
1.33 0.45 0.38 1.21
1.33 0.58 0.30 1.91 1.62
RA3 1.33 0.42 0.47 0.89
1.33 0.44 0.50 0.89
1.33 0.44 0.41 1.07 0.95 1.17

The reason that we do not calculate the oxygen is because most likely, the
oxygen percentage would be off because EDX does not detect lighter elements well.
Therefore we exclude oxygen and find the ratio of Bismuth and Sulfur.

The method with the closest ratio of the BisO4S;3 ratio is the high pressure
method. The ratio is 1.41 while the others are 1.47 and 1.17. Since high pressure is a

closed system where sulfur hardly gasify, the ratio of Bi;O4S3 tend to remain closer to
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the ideal ratio. This would be the advantage of using high pressure synthesis, but on
the contrary it seems like the high pressure samples are not uniformly distributed.
Each point has its distinguish ratio but the average is quite close to 4:3. The possible
reason would be the holding time at temperature around 500 degrees Celsius is not

long enough, so that the chemicals are not evenly distributed.

IV. Discussion

(1). Tri-layered Biz04S3

1. Structure Analysis

It has been reported recently, that Bi,O4S3 is a new BiS,-based layered structure
superconductor. The crystal structure analysis shows that Bi;O4S; is crystalized in a
tetragonal structure that has the space group of 14/mmm. This layered structure new
material is composed of stacking layers of BiS;, Bi,O,, and SO, layers. The lattice

parameters have the value of a=3.9697 Angstrom and c=41.3520 Angstrom.

The picture below shows the structure of BisO.S3 in a layered form. By using
Crystal Maker to generate the atomic structure of BisO.S3 we would be able to
visualize the structure and analyze for possible doping elements. XRD could also be
generated by this program and compared to the actual data we’ve measured. Through
checking a few highest peaks, the structure I’ve put together would be close to the

actual BisO4S3structure.
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Figure 22. (a) X-ray diffraction pattern of Bi;O4S3 at room temperature (b) Crystalline

structure of BisO4S;

2. Superconducting Parameters

Effects of reaction temperature
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Figure 23. Direct comparisons of superconducting diamagnetic responses of the three
HP samples
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This figure shows the magnetic susceptibility of various samples synthesized
at different temperature by using high pressure synthesis along with slow cooling
method. The critical temperature of the sample fabricated at 600°C is significantly
lower than the other two. The paramagnetic responses of the sample fabricated at
450°C are considerably higher. Therefore, a synthesizing temperature of 500°C can
generate the best superconducting characters. Therefore chosen this as the

synthesizing temperature.

Effects of reaction process

Temperature (K)

Figure 24. Direct comparisons of the resistivity curves of the HP, SS, and RA samples

The figure shows the Resistivity to temperature curves of samples fabricated
using different methods using 500°C fabrication temperature with rapid quenching.
The resistivity measurements show that superconductivity does develop in all three
samples due to their extreme drops showing diamagnetism. Among all data curves,
RA method appears to generate the highest Tc. With RA sample reaching 4.9 K, it is
11% higher than the reported one. Therefore, in the three methods RA method was
chosen as the method with best superconducting properties. After examining the

differences of slow cooling and quenching method with the RA synthesizing method,
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it is proven that RA method at 500°C fabrication temperature with rapid quenching

appears to have the best superconducting character.

Effects of reaction process

This figure shows the direct comparison of the (0 0 12) reflections of the slow
cooling and rapid quenching samples. Whereas the numbers below represent the full
width half maximum of the two peaks. The width of x-ray diffraction peak of the
rapid quenching sample is 16% broader than that of the slow cooling one, which can

be resulted from either finite size effect or from chemical disorder.

Relative Intensity

25.4 . 25.6 . 25.8 26.0 . 26.2
Scattering angle 26 (deg.)
Figure 25. A direct comparison of the (0 0 12) reflections of the SC and RQ samples.

The TEM images show that the resultant crystals in both samples are around
200 nm in diameter, indicating that finite size effect plays no major role. Since, finite

size effects that affects the broadness of peaks should be sizes below 30 nm.
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Figure 26. TEM images of the crystals fabricated through SC or RQ process

This EDX spectrum is an example of what indicates the atomic ratio of
samples. On this table, it indicates that rapid quenching method appears to be highly

sulfur deficient of 15%.

Bi : S ratio
Slow cooling 1:1.08
(8)-s o o ot ] () Rapid quenching|1: 0.63
Figure 27. (a) A representative EDX spectrum of the RQ sample (b) Bi:S ratio chart

%(T) of both samples can be described by London equation to give T¢ of 4.6
and 4.9K for the slow cooling and rapid quenching samples, respectively.
Surprisingly, chemical disorder gives rise to a noticeably higher critical temperature.
By using London equation, pairing parameters of a=3.1 and 2.6 were obtained for the
rapid quenching and slow cooling samples, respectively, which are considerably
larger than the a=2 expected for the BCS-type of pairings. Relatively long penetration

depths were also obtained for both samples.
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Figure 28. x (T) of the SC and RQ samples

Type-11 M(H) curves were observed for both samples. The critical magnetic
fields of the RQ sample reach Hc1~60 Oe and Hco~2.9 kOe. Which there is a rather

large difference between Hcy and He in comparison to BCS type superconductors.
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Figure 29. M(H) curve of the RQ sample

(11). Bi-layered LaOBiS,

LaOBIS, crystalizes into a bi-layered tetragonal structure. Recent reports [3,4]
indicate that superconductivity does not develop in the samples fabricated using SS

and HP methods with temperature reduced to 1.8K.
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PH 024
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Figure 30. x (T) curve of the SS with RQ sample

Both of the resistivity and magnetic susceptibility measurements reveal the
appearance of the superconductivity below 4.5 K by RA method with rapid quenching.
No sign of superconductivity was observed in the SS with RQ sample of Bi:S=1:2.
Superconductivity below 4.5 K is indeed found in the RA with RQ sample, where
significant Bi-deficiency of Bi:S=0.8:2 was detected.
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Figure 31. (a) x (T) curve of the RA with RQ sample (b) Resistance curve of the RA

with RQ sample
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V. Conclusions

By using different methods, we are able to increase T., magnetic susceptibility,
resistivity, and change the particle dimensions of a Bi,O4S; sample. By analyzing
samples in different time, temperature, pressure, cooling conditions and chemical

compounding conditions, we are able to find the best condition for different purposes.

This experiment analyzes some effective condition approaches that people could
possibly use when dealing with a new material. Besides from the general point of
view, through EDX, high pressure synthesis keeps Sulfur from gasifying, which lets
Bi404S3 remain at about the same ratio. RAPET method locks the chemicals in the
switch lock, which synthesizes the chemicals uniformly. Samples with highest T. is

made by the RAPET method turning the sample into nano scale may enhance T..

Results show that chemical disorder created by RAPET or by rapid quenching
plays an effective role in the development of superconductivity in BiS2-based oxides.
A 15% S-deficiency in tri-layered Bi404S3 created by RAPET with rapid quenching
raises the superconducting TC by 11%. Surprisingly, superconductivity does appear
in the bi-layered LaOBIiS2 created by RAPET with rapid quenching. A 25% Bi-
deficiency was observed in the sample, which triggered the development of
superconductivity.
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