2010 £ #RAEHEEFT ¢
B TR IR
S %L : 030008-08

B AR F 40
@ g
gL g R

SR ERAEATYOLEREPHETE

BRLJEL A D 2F- 23357 F
2R RT3

E SRS

Mgt © A9 - 2 oK /AR - #502



-

B () HEF(+)A-&FTRE - LB FF HLENTHR T
B0 IR KPR H IS BTy TR & iuﬁ? Bp R Bl s TR
BrEAPER. 37 FRAT R - EEERBIABD R A 7§ A4

PP FHDB GRS LA E R L g AP RDGAER o

il



ys

REME A AP - Bl PR EL el GBS R B

20 AP R FRAACEMF AT AR M EARAER S Mo - R
BRERA P e e i A A (FeSe) B E L HRAERD
AL E APl RAELER Y 613 e ehFe 2 Se 1 TOPO #:45 i# 47 21 4 4 47

Ao AATHA I o SR ATT Fe ot Se il o fcFe kR Bt Se 5 0 2 i

l,"j’_’]\'iﬁé‘% 4 ﬁi‘fﬁ‘/fl @ °

il



SIS 2

FALFIY FRFEEEG M S AREROT S A PR

F’_*

;’f']fﬁ"‘ Bk ﬁ;;ﬁﬁ#ﬁfﬁg < {4 as]:“l;lljil_,. I}@;%iiﬂ{%fﬁ ,. F“L—
RRBWAER AP N AAE R R AR

5 Ak e & & FeSe £ f $id o

10

T HH A R R B g0t nFe 2 Se # i e dOAR L B

%)
’

&7l I e FeSe 2 b 3l 1 o

2 FTREEBEH

- ~ & . Fe(acac); ¢ figp fit 45 (I11)~ Benzyl ether ¥ ¢ fit~Se powder # ~TOPO~
Hexadecanediol -+ - == fif ~ Bpk ~ & § 4 ~ 3 s - i} pldll
S BH 2o s B E - T 55 e - TEM ~ SEM ~ XRD
1. TEM (Transmission Electron Microscope) ~ SEM (scanning electron
microscope) : %‘%‘EJ FHNTIRMEZE BT s E R (T2
FeSe 2 ¥ 3gk 07 B 152 ¢ HeBLaA, ) o

2.XRD(X-ray diffraction) : ] * XRD Heb44 37 4715 2. Bl3¥ » 2745 1% B34 4p

gt FE @ el R 5 ARk § G enit AR R



Benzyl ether 1

Hexadecanediol

EAY T i

BB 2

- ~ Upkdk P fo 2 & = FeSe 2 K3k o

I e

HziSe B BESFey L&

Se powder

Fe(acac)3
ZBE

S

BNy sy = st
BB

SN ERAR T REREAI/K T
e NIRRT R K T
HFSeAINaOHZEAR RS RESAA T /K
HFSeNIANaOHZT R RABERSEIANIA KT

CIE U - NN AR LV R N i

SERmEImE SRS
SdbsER
FIRETR  Seffysic L 14y
oy 1920% - BRI
S e AR AL
HEERS & UL -

B

A o & 1Fd R E e FeSe 2

FRER > FEER* A G S H TOPO > #-FeSe § 3t (IR 5 P 4o # > 1040502

% % FeSe -



= ~ 12 TOPO-TOP #:7%; i #l:% FeSe

e

.34 23 % At # Fe(acac); 1 % B 4c » ¥ 2 @ 5ml ¥

2.4 Fei3% Bt # Sepowder 2 E B <4ex TOP2ml» £ 4 » TOPO B *® o

3.#- Hexadecanediol 2 ¥ ¢ fi*2 SolB 4 » = v &5y » ¥ AL E N2 eh@ B %
e EhAe T 31T o

4.4 H= 2B REDSINCE A » B3R A RFAFFERGBIIC305C)S » 45 -

5.8 8 15 s -

6.%- ¢ i GLIFdeng A 3kt TEM 2 XRD A 478 4+ 42 7

TEAF LRI G e - R 5] F s Fe:Se ehi B fiovt 3B b 4o

— | Refluxing system

| N,
Cool ing Water @

O O <

@ m Pump

Reac@mb er
Hew&ld feedback system

|
|
f
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| —J
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|



A BRI RS

mERRE
BERT

£

= el R pRAB B AEFRAB(ID

K

1. feid it A @ # Fe(CH3CO,), 2 ¥ 8 4 » ¥ ¢ /i Sml ¥

233 Bt ¥ Sepowder 1 2% TOP1 %2 > f 4~ TOPO 3% ¥ -

3.#-Hexadecanediol % ¥ ¢ fi*% SolA 4t » = U &5y » ¥ vk N2 enp P %
P EH AT 300C o

49 FE= 2 3R T 300 10 e~ Bk Ab 5 4R R (3000—3057C)5 A 48 -

5.5 R s He o

6.4 i B i 4 ez K gt TEM 2 XRD A 47 H 4 3@ 44 5 o

TEAFL EHT o 1 f - T F s Fe:Se nk D ok iF i 4o o



L-~-Pr %

— \g,‘gg@:

F 4 Fe:Se et i) 5 1:2—8 4102 F 3p4. 7 FesSes & FeiSe;

monoclinic-Fe;Se,

. \ . Zone axis : [1,3,1]
404
@ . 303 411

-1:14 2 310 -
A fJ Py GJ‘.-Q
0-12 -10.1 v?.!..-l -32.3
et
2.2.4- 1.12 b* .|_=_.; .33:‘
al
0.2 um 323 2:11 0:1 013
4:22 310 202 L1.4
+
L 2
411 3p:3
element |O Fe Se SefFe $0ut
*

atomic% | 40.64 |24.72 | 34.64 | 1.40

\orthorhombic—Felse2

Zone axs - [1,-2.3]

242
-
331
143 .
- 420
032
he * 121
»
-3,33 210
-
e 3.1
-1 e | 1l -
o C b oa t12
\}é/
12 111
-
a0 2222
2:10 '
- 233
A .
»
032
420 * s
331 .
L
242
™

element Fe Se SelFe

atomic% |37.82 |62.18 | 1.64




Intensity (arb units)

— - — experiments
Fe3Sed
Fel1Se2

Fe;Se, Manoclinic
a=12.718(1)
b=3.513(2)
€=6.310(3)
beta=117.136(1)

Fe,Se, Orthorhombic
a=4.807(4)
b=5.784(7)
c=3.579(2)

2o10° i
! ., zZFc | [ —
ay, FGC I .-I"-..:'-: .
e | ", it i
i ’ 4 | / e raeesen
10x10" o} o
£ R e
L A} - _..f’
» 50x10" E | ._::_ " 5K
. P 300K
T | — =3 I
| i 1 'l 'l ' 'l _3 'l '
0 B0 10 150 200 260 300 30000 20000 -10000 O 100D 20000 30C00

TO

g ttipl £

EANAE 1 Sil R T il A

FesSes # £ Fug 1t

% & A it FeiSei 1 cn i1 LA R -

2ot g gk o AN E R FE P F Y R 470 FeSey 02 F Rk




- ~FE%Q
F g Fe:Se it bl 5 L1881 e F Ak 5 5 FesSes
51— Ak R TR

Hlodgdsg- @l Nehz K apksgo o rg d

monoclinic-Fe,Se,

Zone axis : [1,0,2]
442

element

atomic%

mono clinic-Fe,Sey

Zone axis = [0,0.1]

330
. 30
320
220 - EET]
L9 200 .
LA 230
020
. 30
138 e b -
19 ot »
220 118
338 200 130
* 18 220
30
- 330
L]

f - =
1 &H AR
element (o] Fe Se Se/Fe
atomic% 25.48 32.49 42.03 1.29




Z~7&RO:
F 4 Fe:Se et ) 2 2118 1ehz f 3pd =

full Scale 173 cts Cursor: 0.000

b 1 2 3

% FesSey 11 % ’fﬁ;‘_"" ﬁi Fe;Se;

4
4

100 nm
—

Zone aas - [0.0.1]

clement | Fe Se FeSex
atomic% | 43.15 | 56.85 | FeSeLsn

0 1 2
Ful Scale 136 cts Cursor: 0.000

element Fe K SelL FeSe,
atomic% [51.88 |48.12 ||FeSe,.q; !

4 10 30
kev] hd ERT]
-
N LAY
238 Py s
Lin 00 >
110 azp
L 1
-
: P . EEr
138 ?___h b s
Lo a -
2 L1
230 anp 130
. EXTY
- 230
n
* 138
-
Zome ams : [1.1.0] i .
YT
134 .
.
* e
LA 233
L .
* 18
.4 13
i gt RETT)
1A fat ™
* A au
T oass "
334 gt}
* ) * o
* aw
423
1 A
138
i L™
as s
aan
a2
-] k]
]
EEpiG¥T 1
100 nm
—



% %8 Fe,Sey

RN WA E A

Fe;Se, Orthorhombic

Fe;Se; Tetragonal Fe;Se; Hexagonal

VNS B0

FEd Fe it i FC(CH3C02)2—>A‘§1 dreni of gﬁi}ff‘_ﬂﬁ IR FeSe;




simulated diffractogram

0 1 3 3 4
Ful Scale 100 ct: Cursor: 0000

element FekK oK FeQ,

atomic% 2926 70.74 FeQ, ..

monodinic-Fe,Se,
zone axis: [L31]

simulated diffractogram

i 1 2 3 4 5 6 7 8 9 10
Ful Scale 100 cts Cursor: 0.000

element Fe K oK FeO,

atomic% 19.56 8044 FeO, 4.

simulated diff-actogram

10



e

¥
[201]

telragonal

Zone axis

FeSe,

FeSeu_g;

OK

03

31

Sel

93

33

K

Fe

.04

35

element

atomic%

Cursor. 0,000

Full Scae 200 cts

11



100 nm

— Al e 130t G, 100 e

element Fe K SelL FeSe,
atomic% 51.88 48.12 FeSepos
S
E L
FeSe_nanopariicle FeSe_nanopariicle0519_ZeKe
0.00040 [T . . . . . . :
0.00036 | \ i D2l
i f 'y i f .-
L
__oooo2s | Far, : A - ;
@
9 0.00024 | o =
S o.00020 | g by 1
3 / =
£ o.00016 J 1 = o . -
KRN . g
0.00012 | ,' . ZFC s = K
0.00008 |- ‘ - FC ] .
D000 |,y s i oy s e i BRI ]
0 5 100 150 200 250 s .

30000 20000 -1D0DD D  1D00OD 20000 30DDD
H [Oe)

FRIEE) sl A TR R 9B 10K

12



N 2, /J_‘
ke 7

& 47 e Fe:Se et in
B

- TARRE o

N A

%7 o Rl Fe:Se jk B v i%
4

I

~FEke

&qfrd s fraFeSe bl E b o e
b~ % B i) FesSey B A H S48 T ik o

ﬁ i
Bobri AviBARY o AT P ehZ K 3EAY > FesSey
» Al Fe:Se jk & vt ix
17 4 et Gk kA% ]
> ~ % Fe:Se k&1t

LB i‘a%‘:_.l_ 4:1 > #E Plenz K 3pkv
7; 1:1 B-—t*’ A
120 B

¥ oap b Se fRERFT A oo
ﬂ;’f' "
#E‘.i?'“@iﬂ BB

I~y

’ F61861

Wi bk

~

[ €n 3 Sf A > 2 A7k AR R ARAE 2 60 K
IR A 2 AR 2 &35, 7 IR a4
Akt H A
~ Fe;Se4 iR

b ¥
A Y
P

= .V"f‘-— : R » Fe3se4 >
,5 o
S LT Ty e

s PR A KA ERT i F
% 4o FeiSei St 4p Ir cnib 44 B AL -
S Y o BT GF 5 2 R 4T 0 FeiSer A MR 4T ST
TR g8 G FesSeq » AVPIRG W oAy B2 @
M
o

}ﬁw}'m:% Bty R B

N *“-rfé * }:? ‘f' Fe(aCaC)3 ml% ﬁi}’
NER Y Fe(CH3CO»), #78] 41 e Fe Sey et G| di = i 4 Fe(acac); 3 » ¥ 4 Fe
R B e

AT
T AR Y 0 R A et M E B E Gy g LESE RIS B O F
PR b B AR ke B A R T E S .
A Y
R I -
e @lﬁ‘

S 2\ i 45 41 8] iF FeSe 2

Z

SF R

i ¢h ;2 1 TOPO-TOP #14

% A M FesSeq (LRI 2 4 EACHLF o @ FeSe dtt i
Fe:Se=1:1 p# » 403 AL H M » eV daipl 2 A *fk FeiSer 4 § R EF - 5§
X P FIRE b Ferrt bR Se B » ¥ Rl hiFiE

13

o g



21 FeiSep » #l 41 e FeiSey 45K = - P A £ IR I AQ 4 > W au A HE

M=k B R 982 10K -

- FFE R R R 2000 & 12 7 pEmErI (YZ¥24) &
Bi Ak aflg Wz S F 8 2 RED
*;y:_’%g;njz()()g £ - - X Hp

~ R ZE % 2007 & Coexistence and Competition between Superconductivity and

I

Spin Polarization in Sn Nanoparticles 2 ¢ % 5} &7 3ff crdg e p >gdg 1
2~ #f i# ¥ 2002 # Penetration depth of superconductor in Pb nano particles 1-1
KRR (& 12 AT H A g L

~» Brian L. Cushing, Vladimir L. Kolesnichenko, and Charles J. O‘Connor Recent

1=y

Advances in the Liquid-Phase Syntheses of Inorganic Nanoparticles Advanced

Materials Research Institute, University of New Orleans, New Orleans, Louisiana
= ~ W.-H. Li,1,2, C. C. Yang,2 F. C. Tsao,1 S. Y. Wu,1 P. J. Huang,1 M. K. Chung,1

and Y. D. Yao21 Enhancement of superconductivity by the small size effect in

In nanoparticles, Department of Physics, National Central University

14



Synthesis and Analysis of
the New Superconducting Material —

FeSe Nanocrystals

Project ID: CH303
Abstract:

According to recent publications, turning superconductors into
nanoscale particles might enhance its critical temperature (Tc). Therefore,
we tried to find an effective method to synthesize FeSe nanocrystals and
analyze their superconducting properties. After performing the experiments
several times, we manage to find three effective chemical routes including
Hexadecanediol-TOP (trioctylphosphine) hot injection method, Ethylene
glycol-TOP hot injection method, and Hexadecylamine-TOP hot injection
method to produce FeSe nanocrystals. Among them, the last one is the most
effective chemical route in producing FeSe nanocompounds with
superconductivity properties. There are several possible crystalline
structures that can form in the Fe-Se series, but superconducting screening
is observed only in the nanocrystalline tetragonal FeSe. Most importantly,
the superconducting critical temperature of nanocrystalline tetragonal
FeSe;.x is found to be noticeably higher than that of its bulk counterpart.

Jacqueline Hung and Chi-Chieh, Lin
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§ Introduction

Iron is a ferromagnetic material, but surprisingly, in 2008, scientists
discovered iron-based superconductor that shows diamagnetic screening
below its critical temperature (Tc). It is known that the diamagnetic and
zero-resistance nature of superconductors can greatly reduce the amount
of energy lost. It seems to show promise as the next generation of high
temperature superconductors. Among the iron-based series, iron-selenium
superconductor stands out as a simpler structure and more importantly
being not toxic. According to recent publications, reducing superconductors
into nanoscale particles might enhance its Tc. Therefore, we tried to find
an effective method to synthesize FeSe nanocrystallites and analyze their

superconducting properties.

§ Research Goals:
I. To study effective methods to synthesize FeSe nanocrystals with

higher Te.
II.  To analyze the superconducting properties of FeSe nanocrystals.

§Flow Chart:

I.  Improvement of chemical synthesis:

1. HDOL-TOP | modification | 2. EG-TOP | modification | 3. HDA-TOP
hot injection hot injection hot injection

II. Physical analysis :

/°X-ray diffraction (XRD) N
*Scanning electron microscope (SEM)
*Transmission electron Microscope (TEM)
*Energy-dispersive X-ray spectroscopy (EDX) » {Data analysis }
*selected-area electron diffraction (SAED)
*Magnetization (M)

gMagnetic susceptibility (y) -

16



Project ID: CH303  Synthesis and Analysis of the New Superconducting Material - FeSe Nanocrystals

§ Materials and Equipments:

I. Chemicals: Iron(III) acetylacetonate [Fe(acac)s], benzyl ether,
selenium powder, TOPO(trioctylphosphine oxide),
TOP(trioctylphosphine), hexadecanediol, Fe(CH3COO)2 , FeCls -4H20,
EG(ethylene glycol), HDA (1-hexadecylamine), HCl and NaOH
Equipments: Three-neck boiling flask, heater, electronic scale,
centrifuge, TEM, SEM, EDX, XRD, SQUID

1. XRD (X-ray Diffraction) provides diffraction patterns for
analysis and comparison with standard pattern, enabling the
determination of crystalline structure and type of resultant
compounds.

2. TEM (Transmission Electron Microscope) and SEM (Scanning
Electron Microscope) were used to image the nanoparticles
products at the microscopic level and under different
conditions the FeSe nanocrystallites produced.

3. EDX(Energy-dispersive X-ray spectroscopy) was used for the
elemental analysis or chemical characterization of a sample.

4. SAED(selected-area electron diffraction) was performed inside a
transmission electron microscope (TEM). The image on the
screen of the TEM will be a series of spots—the selected area
diffraction pattern, , each spot corresponding to a satisfied
diffraction condition of the sample's crystal structure.

5. SQUID (Superconducting quantum interference devices) was
used to measure magnetic signals and responses, employing

superconducting loops and Josephson junctions.
§ Methods:

We tried to use TOPO for dissolving selenium for improving the
growth of nanoparticles, heating the FeSe in an oily environment (21,

Se

’ -~ ~ ~ . -~ - ~ ; - ~ ~
\\// \‘\.// “-‘,/ /\\.»/ \\// \\// p \‘-// \‘\// \.,/

=0

NN

v
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The oxygen would be replaced with selenium temporally, and therefore

selenium could be dissolved in the solution.

The following reasons are for changing to use TOPO-TOP as solvent for

producing FeSe:

I. Preventing from oxidation
I1. Successfully dissolving selenium

III.Ensuring the scale of the product

[ 1.] Method 1: HDOL-TOP hot injection method
Steps:

1.

Solution A: 1 mmole of Iron(III) acetylacetonate [Fe(acac)s] and 2 ml
of benzyl ether

Solution B: 2 mmole of Se powder and 2 ml of TOP, were added in a
5 ml of TOPO solution.

One gram of Hexadecanediol (HDOL), 8 ml of benzyl ether and 7 ml of
solution B were added into a three-neck boiling flask. Then, we
slowly heated it up (~5°C /min) to 300°C in a closed system of Na.

After the solution in step 3 reached 300°C, we added in 2 ml of
solution A and maintained the heat for five min.

The products were centrifuged at 6,500 rpm for 10 min after reaction.
Analyze the physical properties of the nanocrystallites produced by
XRD, TEM, SEM and SQUID.

— 7| Refluxing system

k system

Hemﬁm feedba

Fig. 1 (a) Design of the experimental device

(b) Photo of the experimental device
18
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[11]

Solvents:

trioctylphosphine (TOP)

Ethylene glycol (EG) : CaH4(OH)s

Method 2: EG TOP hot melt method

Synthesis and Analysis of the New Superconducting Material - FeSe Nanocrystals

FeCl, 4H,0+EG
Mixed at100 °C, 15 min

A4

Set reaction

Fe?* solution

temperature

Se+TOP
Mixed at120°C, 15 min

il

Fe2*+ solution

at reaction temperature

A

Fe Se, particles

. {CH3(CH2)7}3P
Reagents: Fe2* source : FeCls -4H20
Se source : Se powder
Steps:

1. Solution A: 1 mmole of FeCls -4H20 and 5 ml EG (ethylene glycol)

were mixed at 100C.

2.  Solution B: 0.5 mmole of Se powder and 2 ml of TOP were mixed at

120°C.

3. 5 ml of solution A was added into a three-neck boiling flask and

slowly (~5°C /min) heated it up to 200°C in a closed system of N2.
4. After the solution reached 200°C, we added in solution B and
maintained the heat at 200°C for 2 hours.

5. The products were centrifuged at 6,500 rpm for 10 min after reaction.

Analyze the physical properties of the nanocrystallites produced by XRD,

TEM, SEM and SQUID.

[111]

Solvent:

Method 3: HDA-TOP hot injection method

1-hexadecylamine (HDA)

trioctylphosphine oxide(TOPO)

Se source: Se powder

e e e B e e
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Steps:
1. Heat up the sol A to 160 °C , then sol A: HDA 14mmol +
. TOPO 16mmol
add the well-mixed Sol B & C sol B: TOP 3mL +
Se 4mmol
2. Increase the temperature to sol C: Fe(CO)5 4mmol

250 °C slowly (~5 °C /min) and keep for 1 hr.

3. Let the solution naturally cool down to 80 °C, then pour the crude

solution in to hexane/ethanol.

4. Centrifuge the solution at 6,500 rpm for 10 min, and collected the

black precipitation products.

5. Analyze the physical properties of the nanocrystallites produced by
XRD, TEM, SEM and SQUID.

§ Results and Discussion:

[ I.]Method 1: HDOL-TOP hot injection method
® Experiment 1:

At a molar ratio of 1:2 iron to selenium, the reactants produced
nanocrystals containing FesSes and FeSea. XRD pattern of FesSes /FeSes
showed that we produced a lot of FesSes and FeSez by this chemical
method.

300 o

— < — experiments
—— Fe,Se,
—— FeSe,

200

=
o
o

Relative Intensity (arb units)

20
Scattering angle 2theta (deg.)

Fig.2 XRD pattern of FesSes /FeSes
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Synthesis and Analysis of the New Superconducting Material - FeSe Nanocrystals

Monoclinic FesSes nanocrystals of particle diameter around 100 nm
can be fabricated employing this HDOL-TOP hot injection route, as shown

in Fig.3 (a). Detailed transmission electron microscopy is shown in Fig.3

(b). The structure of FesSes nanoparticle is monoclinic in (1,3,1) direction
which is revealed by SAED pattern. In Fig.3 (c¢), it shows that the EDX

result from this area and the composition of FesSes nanoparticle is 1 to 1.4.

(a)

é \ (b)
N I ‘ Zone axis : [1,3.1]

monoclinic-Fe;Se,

0.2 pm

©)

element | O Fe Se Se/Fe
atomic% | 40.64 |24.72 |34.64 | 1.40

404
.

303 411
.

114 202 310
. . Y

0:13 -101 211 -32:3

22:4

% b L2

013

Fig. 3 (a) TEM image (b) SAED pattern and (c) EDX result of FesSes

Then we analyzed the superconductivity of the monoclinic FesSes and

orthorhomb FeSes, and the results indicate that neither of them show the

characteristic of superconductivity.Fig. 4 (a) and (b) indicate that FesSeq

and FeSez show no diamagnetism.

_zot (@)
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* 15} z
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g 10
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o 05}

T
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Fig. 4 (a) Temperature dependence of magnetic susceptibility
(b) Magnetization curves of the FesSes /FeSes compounds
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Based on the bulk materials studied by Superconductivity in the PbO
type structure FeSelll, only the tetragonal structure, shown in Fig. 5(c),
shows superconductivity. We propose that only nanocrystals with FeSe

tetragonal structure could show superconductive qualities.

Monoclinic FesSeq Orthorhombic FeiSeq

() @o-ge (b)

Tetragonal FeiSe: Hexagonal FeiSe:

(© (d)

Fig. 5 Crystalline structures of various Fe-Se compounds

® Experiment 2:
Since the molar ratio Fe to Se of tetragonal FeSe is 1 to 1, we tried to

produced the tetragonal FeSe nanocrystals by increasing the molar ratio of

Fe to Se from 1:2 to 1:1.

However, the majority of nanocrystallites created by increasing the
1ron: selenium molar ratio to 1:1 was FesSes, and the nanocrystallites were
similar to those created by Experiment 1. Interestingly,we observed
triangular and hexagonal products (Fig.6, Fig.7) and suggested that the
products are related to FesSes’s monoclinic structure, which creates these

shapes with 60° and 120° angles.
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Detailed transmission electron microscopy is shown in Fig.6 (b). The
structure of FesSe4 nanoparticle is monoclinic in (1,0,2) direction which is
revealed by SAED pattern. In Fig.6 (c), it shows that the EDX result from

this area and the composition of FesSes nanoparticle is 1 to 1.11.

Monoclinic Fe;Sey

Zone axis : [1.0.2]

422

(c)

element | O

Fe | Se SelFe

atomic% 153.25 2214 (2461 |1.11

Fig. 6 (a) TEM image (b) SAED pattern and (c) EDX result of FesSeq4
Detailed transmission electron microscopy is shown in Fig.7 (b). The

structure of FesSes nanoparticle is monoclinic in (0,0,1) direction which is

revealed by SAED pattern. In Fig.6 (c¢), it shows that the EDX result from

this area and the composition of FesSe4 nanoparticle is 1 to 1.29.

monochinic-Fe,Se,
Fome s - [0.0.1)

B L
> S
8 S g
Rl
) /
'S 4 e
(a)
element o Fe Se Se/Fe

atomic% 25.48 32.49 42.03 1.29

Fig. 7 (a) TEM image (b) SAED pattern and (c) EDX result of FesSe
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® Experiment 3:
Furthermore, we increased the molar ratio of iron to selenium to 2:1.

e
<
bt
ot

of

2
0000
LR
. "
L
Las ‘?

Fe Se FeSex
}..!J ) c 88 .
. p3T ]
. ::.o

56.85 | FeSeis

Full Scale 173 cts Cursor.
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element

43.15
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Fig. 8 (a) EDX result (b) TEM image and (¢) SAED pattern of Fe;Sey4
The nanocrystallites produced by this condition were overwhelmingly Fe;Sey,

which were shown in Fig. 8.
However, we did find small amount of the tetragonal FeSe which was confirmed

by EDX (Fig. 9 (a))and TEM (Fig. 9 (b)(c))analysis.

Toma s [1.1.07)

] 1 2
Fut Scmte 1 36 cts Curner 0000

(a)

element Fe K SelL FeSe,
100 nm

Feseo_gg :
: (c)

atomic% |51.88 |48.12 |

'almost 11

Fig. 9 (a) EDX (b) TEM analysis and (c) image of Fe;Seg 93 nanocrystals
We found that the speed at which solution A was added during the experimental

process had an effect on the evenness of the distribution of the particles. By
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conducting several times of experiments, we found that FeSe is produced rarely,

therefore, we tried to change the charge of the iron from +3 to +2.
® Experiment 4:
We replaced Fe*' [Fe(acac)s] with Fe*' [Fe(CH3COOQ),] which can skip the first

reduction step, and the molar ratio of Fe:Se is 1:1,.

Reaction: Fe’' + e — Fe?'

Fe?" + 2¢”— Fe

Fe + TOPSe — FeSe

The results showed that the amount of nanocrystalline tetragonal FeSe produced
was increased Particles are smaller and more evenly distributed than in previous
experiments [Figl0 (a)and(b)]. The EDX result from this area and the composition of
Fes;Ses nanoparticle is almost 1 to 1 [Figl0 (c)] .

| ()

Full Scals 404 cts Cursor. 0.000 lety]
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atomic% | 1233 | 1202 | 7566 | FeSepy;

Fig. 10 (a)(b) TEM images and (c) EDX result of FeSe nanocrystals

Through measuring the Fe'?-produced nanocrystallites, we found that at 15 K,

there is a superconductivity signal, which we infer that its Tc is slightly higher than
that of the bulk materials (Fig.11) .
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| I.] Method 2: EG TOP hot melt method

Nanoparticles produced by HDOL-TOP hot injection method were oxidized

easily. Therefore, ethylene glycol was introduced into this method to to cover the

particles in order to prevent from oxidation.

Process of Finding the Best Experimental Condition

1. Finding the best reaction temperature:
® Under N,
® Fe’ :Se=1:0.50

® Reaction time: 2 h

The results indicate that reaction
temperature at 200°C is the best for
preparing nanocrystalline tetragonal
FeSe particles (Fig.12) .

2. Finding the best reaction time
Under N,
Fe’* : Se molar ratio = 1: 0.50

® Reaction temp. 200°C

The results show that reaction
time 2~3 h is the best for preparing
nanocrystalline tetragonal FeSe
particles (Fig.13) .

Finding the best Fe?'/ Se ratio
® Under N,
Reaction temp. 200°C

'S

Reaction time 2h

The results demonstrate that there
was a relationship between the ratio
of iron & selenium reactants and the

shape of the product. Fe:Se=1:0.50 and

FeSe,-orthombic

300°C

=}

= ag  FeSe-tetragonal
- g 200°C

150°C
backg round-solvent

Relavite Intensity

20 40 60

) 2 Theta
Fig. 12 XRD pattern of the reaction products

Relative Intensity

2 Theta
Fig. 13 XRD pattern of the reaction products

Relative Intensity
f\z
=
-
l
2

10 20 30 40 50 60 70 80

2 Theta
Fig. 14 XRD pattern of the reaction products

Fe:Se=1:0.88, laminar and particle, respectively (Fig.14) .
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4.  Purify our reaction products
Under N,

Fe** :Se =1:0.5
Reaction temp. 200°C

Reaction time 2h

After purifying the reaction
products with hexane and
alcohol (3:1) showed clear FeSe

peaks(Fig.15).

5. Oxidation of the reaction products
The reaction products showed
significant oxidation after
standing at room temperature

for two weeks(Fig.16).

5000

Counts (cps)

after purify

50 60 70 80

2 Theta
Fig. 15 XRD pattern of the reaction products

Relative Intensity

— 1day
~ 2 week
1 month

m Se
* FeSe

2 Theta

Fig. 16 The effects of incubation time on the oxidation of products.

6. Physical properties of reaction products

After we successfully created FeSe tetragonal nanocrystals by this chemical

method, it was found that there was a relationship between the ratio of iron &

selenium reactants and the shape of the products. ( Table 1.)

Nominal ratio Fe*"/ Se

Production form

1/0.5

laminar

1/0.88

particle

Table 1. Shape of the products obtained at different Fe?/ Se ratio
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— 20 u “

Fig. 17 SEM images of (a) laminar FeSe (b) FeSe particle

Tetragonal FeSe nanocrystals of particle diameter around 100 nm can be

fabricated employing this EG-TOP hot injection route, as shown in Fig.3 (a). In

Fig.18 (b), it shows that the EDX result from this area and the composition of FeSe
nanoparticle is 1 to 0.99.

s

@.
2 A0
1] 1 2 3 4 5 6 7 g 9 10
Full Scale 541 cts Cursor: 0.000 ke
element |FeK |SelL FeSe,
(a) HociNiEs (b) | atomic% | 50.24 | 49.76

Fig. 18 (a) TEM image and (b) EDX of Fe;Se( 99 nanocrystals

Tetragonal FeSe nanosheets can be fabricated by employing this EG-TOP hot

injection route, as shown in Fig.19 (a). In Fig.19 (b), it indicates that the EDX result
from this area and the composition of FeSe nanoparticle is 1 to 0.81.

Full Scale 360 cts Cursor: 0.000

element |(Fe K SelL
0.2 ym i .
()  — ~ (b) | atomic% | 57.92 | 47.08

Fig. 19 (a) TEM image and (b) EDX of Fe;Se( g nanocrystals
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7.

8.

1(10-4emu."g09)

Temperature dependence of magnetic susceptibility of products

Fig. 20 reveals a significant drop of the susceptibility below 7 K. This T¢

observed for the laminar FeSe is comparable to its bulk counterpart.
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Fig. 20 (a) Thermal profile of magnetic susceptibility of laminar FeSe (b)

The enlargement of image (a)

Magnetization curves of reaction products

The effects of applied magnetic field on the thermal profile of the magnetic

susceptibility shown in Fig. 21 reveal the characteristics of superconductivity

being suppressed by the increasing magnetic field, indicating the characteristic of

superconductivity. Superconductivity survives even at H=1000 Oe.
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Fig. 21 (a) Temperature dependence of magnetic susceptibility of the FeSe (b)
magnetization curves of FeSe
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Relative Intensity (arb units)

[ I.] Method 3: HDA -TOP hot injection method

Tetragonal FeSe nanocrystals produced by EG-TOP hot injection method were
more stabilized but larger than we expected. Therefore, HDA was introduced into this
third method to serve as the reducing agent and it can control the growth in order to

reduce the size distribution of nanoparticles.

Tetragonal FeSe of particle diameter around 8 nm can be successfully
synthesized by this HDA-TOP hot injection method, as shown in Fig. 22. However,

there are still some unidentified impurities.

5 T Py T T
(a) b1y (200) "y (b) it
b ]
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30 60 90 2% 28 30 32
Scattering angle 2 theta (deg.) Scattering angle 26 (deg.)
Fig. 22 (a) X-ray diffraction pattern and (b)size distribution of tetragonal FeSe

Detailed transmission electron microscopy is shown in Fig.23 (b)(c). The

structure of FeSe nanoparticle is tetragonal which is revealed by SAED pattern.
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(b)

Fig. 23 (a) TEM of the FeSe reaction products and(b) (c) the SAED
Anomalies in magnetic susceptibility are observed at 40 and 120 K. These
anomalies can be signs of the occurrences of superconductivity, but further

investigation are needed before conclusion can be made. (Fig. 24)
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Fig. 24 (a) Temperature dependence of magnetic susceptibility
(b) Magnetization curves of FeSe

Textragonal FeSe nanocrystals produced by HDA-TOP hot injection method
were smaller and more purified. Most importantly, the Tc was noticeably higher than

that of the FeSe superconductor bulk material.
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§ Conclusions:

HDOL-TOP EG-TOP HDA-TOP

hot injection hot injection hot injection

Nanoparticales produced by the first HDOL hot injection method were oxidized
easily. And therefore, ethylene glycol was introduced into the second method to cover
the particles and prevent from oxidation. However, the FeSe particles produced by
the second method were larger than we expected, so HDA was introduced into the
third method. HDA served as the reducing agent and it can control the growth in order

to reduce the size distribution of nanoparticles.

1. Three chemical methods have been used to fabricate FeSe nanocrystals, and
we found that iron reactants which are more easily to be reduced to iron atoms
are effective reagents to produce nanocrystalline tetragonal FeSe. Among
them, the HDA-TOP hot injection is the most effective method.

II. According to physical characteristics testing of Fe-Se series bulk materials,
FeSe is the only structure that possesses superconductivity. And
superconducting screening is observed in nanocrystalline tetragonal FeSe, but
not in FeSe; and Fe3Ses.

III.  The superconducting critical temperature of nanocrystalline tetragonal FeSe is
found to be higher than that of its bulk counterpart.

All TEM photos are taken by the professionals with licenses in Academia Sinica
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