Structural / magnetic phase transitions and superconductivity in

Ba(Fe;_,TM;)2Asy (TM=Co, Ni, Cu, Co / Cu, Rh and Pd) single crystals
by

Ni Ni

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Condensed Matter Physics

Program of Study Committee:
Paul C. Canfield, Co-major Professor
Sergey L. bud’ko, Co-major Professor

Bruce N. Harmon
Steve W. Martin
James Cochran

Towa State University
Ames, Iowa

2009



ii

DEDICATION

I would like to dedicate this thesis to my husband Zhongbo Kang and my parents.



iii

TABLE OF CONTENTS

LIST OF FIGURES . . . . . . .t e e e e e e e s e e et e e e e vi
ACKNOWLEDGEMENTS . . . . . . ottt i e e e e e e e e e e e e e s xvi
CHAPTER 1. Introduction . . ... ... ... ..., 1
CHAPTER 2. Overview of superconductivity . ... ... ... ........ 10
2.1 Zero resistivity and Meissner effect . . . . . ... ..o oL 11
2.2 Ginzburg-Landau theory and type II superconductor . . . . . . ... ... ... 13
2.2.1 Coherence length and penetration depth . . . . . . . ... ... ..... 14

2.2.2 Type Il superconductor . . . . . . . . . . .. . 15

2.3 BCStheory . . . . . 16
2.3.1 Superconducting state . . . . .. ... L 16

2.3.2 Excitation spectrum, gap function and gap symmetry . . ... ... .. 18

2.3.3 Thermodynamic properties . . . . . . . . . . .. . ... .. ... ..., 22

2.4 FEliashberg theory: the extension of BCS theory . . . . . . ... ... ... ... 22
2.4.1 Electron-phonon spectrum and pseudopotential . . . . . ... ... ... 22

2.4.2 Thermodynamic properties . . . . . . . . . . ... 23

2.5 Impurity effects on the superconducting temperature . . . . . . . . . ... ... 25
2.5.1 Nonmagnetic impurities . . . . . . . . . . ... L Lo 26

2.5.2  Upper critical field: WHH theory . . . . . . . .. .. ... ... ..... 32
CHAPTER 3. Experimental methods . . ... ... ............... 36
3.1 Crystal growth . . . . . . .. . L 36

3.1.1 High temperature solution growth method . . . . . . .. .. ... .. .. 37



v

3.1.2  Single crystal growth of Ba(Fe,_,TM;)2Asy (TM = Co, Ni, Cu, Cu /

Co,Rhand Pd) ... ... ... ... ... ... .. 38

3.2 Measurement methods . . . . . . . . ... L L 46
3.2.1 X-ray diffraction measurements . . . . . . . . ... ... 46
3.2.2  Wave-length dispersive spectroscopy . . . . . . . . . ... 48
3.2.3 Resistivity measurement . . . . . .. ... oL 49
3.2.4 Magnetization measurement . . . . . ... ..o, 50
3.2.5 Specific heat measurement . . . . . . . . ... ... L. 51

3.2.6 Signatures of structural, antiferromagnetic and superconducting phase

transitions in transport and thermodynamic measurements . . . . . . . 51

CHAPTER 4. Physical properties of BaFeaAss single crystals . . . . . .. .. 54
4.1 Introduction . . . . . . . .. e 54
4.2 Results and discussion . . . . . . . ... Lo 54
4.2.1 Single crystalline BaFeaAsg grown from FeAs flux . . . ... ... ... 54

4.2.2 Single crystalline BaFeaAsg grown from Sn flux . . . . . ... ... ... 57

4.3 Summary . . oo ... e e e 60

CHAPTER 5. Transport, thermodynamic properties and anisotropic H. of

Ba(Fe;_,Co;)2Asy single crystals . . . . ... .. . o o oo, 61
5.1 Introduction . . . . . . . . . . .. 61
5.2 Experimental results . . . . . . . .. L Lo 62

5.2.1 Structural, transport and thermodynamic properties . . . . . . . . . .. 62

5.2.2  Anisotropic Hea(T) curves . . . . . . . o v v v v v i 67
5.3 Discussion . . . . . . .. 71
5.4 Summary and conclusions . . . . . . . ... 76

CHAPTER 6. Transport and thermodynamic properties of Ba(Fe;_,TM,)2As2
(TM=Ni, Cu, Co / Cu, Rh and Pd) single crystals . ... ... ...... 78
6.1 Introduction and overview . . . . . . . . . . ... 78

6.2 Experimental results . . . . . . ... L L Lo 80



6.2.1 Ba(Fe;_,Niz)oAsy . . . . ... ... 80
6.2.2 Ba(Fe,_,Cug)eAsy . . . ... .. 86
6.2.3 Ba(Fe; ,  CoCuy)oAsy (x~0.022) . . .. ... ... ... .. 92
6.2.4 Ba(Fe;_,  CoCuy)oAsy (x~0.047) . . . ... ... ... L 98
6.2.5 Ba(Fe;_,Rhy)2Asy . . . . . ... 103
6.2.6 Ba(Fe, Pd)aASy . . o oo oo 107
6.3 Discussion . . . . . ... 111

6.3.1 Comparison of the phase diagrams of Ba(Fe;_,;TM;)2Ase (TM=Co, Ni,

Cu, Co / Cu,Rhand Pd) series . . .. ... . ... ........... 111

6.3.2 Anisotropic upper critical field Heo . . . . . . . . . .. ... ... 121

6.3.3 Universal scaling of AC,/T at T, [54] . . . . ... ... .. ... .... 124
CHAPTER 7. Summary and conclusions . . . . . ... ... .......... 126

BIBLIOGRAPHY . . . . e it e e et e e it e e i e e 130



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

vi

LIST OF FIGURES

History of the discovery of superconductors with exceptional T, values
3,4, 6,7, 8 11, 19,23, 30]. « « v oo v et
The crystal structure of a) BaFeaAsy [40] and b) LaFeAsO [43].

p vs. T and Xxpme vs. T (inset) for (a) Polycrystalline BaFesAss [40]
and (b) Polycrystalline LaFeAsO [42]. C), vs. T for (c) Polycrystalline
BaFeyAsg [40] and (d) Polycrystalline LaFeAsO [42]. . . . .. .. ...
Polycrystalline BaFesAsy: (a) Left panel: powder X-ray diffraction pat-
terns. Right panel: lattice parameters in tetragonal and orthorhombic
phases. For clarity, a in the tetragonal phase are multiplied by /2
[40]. (b) °"Fe Mossbauer spectra with transmission integral fits [40].

(c) Magnetic structure of BaFeaAsy (a is the longer in-plane axis) [46].

Schematic diagram of the magnetic induction B in field-cooled sequence
(a) Perfect conductor, (b) Superconductor. . . . ... ... ... ...
Schematic diagram of Fermi surface at (a) Normal ground state, (b)
Superconducting state. . . . . ... ... o
(a) Momentum dependent occupation probability vZ. (b) Quasiparticle
excitation spectrum. . . . . .. ..o
Solid line: the evolution of the gap function with temperature. Hollow
square: experiment data of Nb. Hollow circle: experiment data of Ta.
Solid circle: experiment data of Sn [81]. . . ... ... ... ... ...

Superconducting gap with different gap in k space. . . . . .. ... ..



Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 3.1

vil

(a) The T¢./wyy, dependent 2A(0)/kpT.. The solid dots are theoretical

results from the full numerical Eliashberg calculation, which agrees with

the experiment data within 10%. (b) The T,/wy, dependent AC(T)/~T..

The solid dots are theoretical results from the full numerical Eliashberg
calculation, which agrees with the experiment data within 10% [66].

(a) T./T.o vs. nonmagnetic impurity concentration for s-wave supercon-
ductor, In [102, 103] and LuNisB2C [105]; non-s-wave superconductor
CeColns [101], YBCO [104] and LSCO [104]. Inset: Enlarged T¢./Tco
vs. nonmagnetic impurity concentration for s-wave superconductor, In
[102, 103]. (b) Relative change of T, with dopant concentration vs.
number of valence electrons of Y(Nij_;TM,)2B2C [108]. . . . . . . ..
T. and Ty vs. the de Gennes factor for pure RNipBoC [109]. . . . . .
(a) T/Te vs. n/n. Solid line: from the AG theory. Dots: experiment
data for La;_,GdxAly. (b) Solid line: de Gennes factor (g;—1)2J(J+1)
normalized to the value of Gd vs. different rear earth elements. Dots:
-(dTz/dn)|n=0 normalized to the value of Gd impurity vs. different
rare earth impurities in La;_yGdyxAly and LaggoRoo1- (¢) Ac/Ac
vs. T¢/Teo. Solid line: numerical result of from AG theory. Broken
line: theoretical curve from BCS theory. Dots: experiment data for
Laj_xGdxAls and LaggoRoo1 [95]- - - - -« o o o oo oo i
The schematic plot of the free energies of superconducting and normal
states [T2] . . . . .o
(a) Normalized upper critical field h* vs. the normalized supercon-
ducting temperature ¢ without spin effects [71]. (b) Normalized upper
critical field h* vs. the normalized superconducting temperature ¢ with

spin effects [72]. . . ..o

Binary phase diagram (a) As-Sn [131]. (b) Ba-Sn [132]. (c¢) Fe-Sn [133].
(d) As-Fe [134]. . . . . oo

25



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1

viii

Diagram of the ampoule used for crystal growth (see text) . . . . . ..
(a) Single crystal of BaFeyAsy grown from Sn flux against 1mm scale.
(b) Single crystal of Ba(Fe 495C00.074)2As2 grown from self flux against
Immscale. . . . .. L L
The graphic summary of the results from the elemental analysis for the
Ba(Fe,_,TM;)2Asy (TM = Co, Ni, Rh, Pd, Cu, Cu / Co) series.

Powder X-ray patterns for pure and doped BaFesAss. Si is added as
an internal standard. . . . . . ... ... Lo oo
(a) Temperature-dependent electrical resistivity of three samples of
Ba(Fe.962C00.038)2As2. (b) Temperature-dependent electrical resistiv-
ity of three samples of Ba(Feg g2C0p.038)2As2 normalized to their room
temperature respective slopes: p(T')/(dp/dT)|s00x- (c) The same data
as (b) with upper curve shifted down by 85.7 K and intermediate curve
shifted down by 28 K to account for differences in temperature inde-
pendent, residual resistivity. . . . . . ... o o000
Characteristic signatures in resistivity, magnetization and heat capacity
measurements near the transition temperature of a (a) antiferromag-
netic phase transition. (b) structural phase transition. (c) supercon-

ducting phase transition. . . . . . . .. ... ... L.

Single crystalline BaFeyAsy grown from FeAs flux: (a) Normalized in-
plane resistivity pa(T")/pa(300K) vs. T. Inset: d(pa(T)/pa(300K))/dT
vs. T near the phase transition (upper left); anisotropic parameter
Yp = pe/pa [53] (lower right). (b) M vs. H taken at 5 K and 300 K
with HLlc. (c¢) M/H vs. T taken at 1 T with H||c and H1lc. (d) C,

vs. T. Inset: enlarged C), vs. T near the phase transition. . . ... ..

46



Figure 4.2

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

X

Single crystalline BaFesAsy grown from Sn flux: (a) Temperature de-
pendent in-plane electrical resistivity taken at 0 and 7 T with H Lc. (b)
M(T)/H taken at 0.1 T with H||c and HLc. (c) Cp vs. T. (d) Lattice
parameters and unit-cell volume for the tetragonal and orthorhombic
phases. For clarity, the lattice parameter ¢ in the high-temperature
tetragonal phase has been multiplied by a factor of v/2 so as to allow

for comparison to the low temperature orthorhombic phase data [25]. .

Lattice parameters, a and c as well as unit cell volume, V', normalized to
the values of pure BaFesAss as a function of measured Co concentration,
Twps [34]- - o o
(a) Electrical resistivities normalized to their room temperature values
for Ba(Fe;_,Co,)2Ass single crystals (0.00 < zwps < 0.166). Each
subsequent data set is shifted downward by 0.3 for clarity. (b) Low
temperature data showing superconducting transition [34]. . . . . . . .
M/H vs. T of Ba(Fe;_,Co,)2Asy single crystals taken at 2.5 mT with
H 1lc. Zero-field-cooled warming data as well as field-cooled warming
data are shown [34]. . . . . . .. ..o
M/H vs. T of Ba(Fe;_,Co,)2Ass single crystals taken at 1 T with
Hlc. Insets: M(H) data of selected Co concentrations [34]. . . . . .
Cp vs. T of Ba(Fei_,;Cog)2Asy with x = 0.038 (upper panel) and 0.047

(lower panel). Lower insets: dC,/dT. Upper insets: low temperature

Cp(T) data taken at 0 (solid line) and 9 T (dashed line) with H||c [34].

Cp vs. T of the superconducting Ba(Fe;_;Co,)2Asy. Data are shifted
by a multiple of 50 mJ/mol K? along the y - axis for clarity. Inset:
enlarged C)p/T vs. T plot near T, for Ba(Feg.926Co0.074)2As2, lines show

the ”isoentropic” construction to infer 7. and AC [54]. . . . . . . . ..

58

66



Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 6.1

Figure 6.2

Isothermal R(H) data of Ba(Fe;_,Coy)2Asy (z = 0.038) with H||c (up-
per panel) and H L ¢ (lower panel). Dotted lines show onset and offset
criteria used to determine Heo(T) values [34]. . . . . ... ... .. ..
Anisotropic He2(T') curves determined for Co-doping level of = = 0.038
(left panel) and x = 0.114 (right panel) using onset criterion and offset
criteria. . . ..o L Lo
Anisotropic Hea(T') curves determined for Co-doping level of (a) x =
0.047 (b) z = 0.10 (¢) = = 0.058 (d) x = 0.074 using onset criterion
and offset criteria. . . . . . . ... L Lo
(a)Criteria used to determine transition temperatures for upper phase
transition. Upper panel: dC),/dT" emphasizes breaks in slope of Cy,(T)
data. Middle panel: (dR(T)/dT)/R(300K) and R(T)/R(300K). Bot-
tom panel: d(M(T')/H)/dT and M(T)/H. (b) Neutron scattering mea-

surement [152]. . . . ..o

T — x phase diagram of Ba(Fe;_,Co,)2Ass single crystals for < 0.166.

Anisotropy of the upper critical field, v = HL(T)/H, 6”20 (T), as a func-
tion of effective temperature, T'/T,, for Ba(Fe;_,Co,)2Asy single crys-
tals. Upper panel: offset criterion; lower panel: onset criterion.

(a) Heo curves of (Bag 55Ko.45)FeaAsy [144] as a function of T'. (b) Heo

curves of Ba(Fep.926Co0.074)2As2 [34] as a function of T . . . . . . . ..

Lattice parameters of Ba(Fe,_, Ni;)2Asy series, a and ¢ as well as unit
cell volume, V', normalized to the values of pure BaFeyAss as a function
of measured Ni concentration, zwps . . . . . . . . . . ...
Ba(Fe;_,Ni;)2Asy series: (a) The temperature dependent resistivity,
normalized to the room temperature value. Each subsequent data set
is shifted downward by 0.3 for clarity. (b) d(p(T")/p3oox)/dT for y <

0.032. (c) Enlarged low temperature p(T)/psoor. « - « « « « v v v v v

73

74



Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

xi

Ba(Fe,_,Ni;)2Asy series: (a) Field-cooled (FC) and zero-field-cooled
(ZFC) low field M (T)/H data taken at 2.5 mT with H Lc. (b) M(T)/H

data taken at 1 T with Hle. . . . . . . . ... . .. ... ... 83
Cp, vs. T of the superconducting Ba(Fe;_;Ni,)2Asy compounds. Data

are shifted by a multiple of 50 mJ/mol K? along the y-axis for clarity.
Inset: enlarged C,/T vs. T plot near T, for Ba(Feg.954Nig.o46)2As2,

lines show the ”isoentropic” construction to infer 7, and AC [54]. . . . 84
T — x phase diagram of Ba(Fe;_,Ni,)2Ass single crystals for z < 0.072. 85
Lattice parameters of Ba(Fe;_, Cu,)2As; series, a and c as well as unit

cell volume, V', normalized to the values of pure BaFeyAss as a function

of measured Cu concentration, Tywps - . .« « v« v oo 86
The temperature dependent resistivity, normalized to the room temper-

ature value, for Ba(Fe, _ Cu,)2Asy. Each subsequent data set is shifted
downward by 0.3 for clarity respectively for (a) and (b). . .. ... .. 87
(a) d(p(T)/p3oox)/dT" of Ba(Fe,_,Cuy)2Ass for 0.05 > z. (b) Enlarged

low temperature p(T')/psoox data of Ba(Fej g55Cuo.044)2A82 . . . . . . 88
M(T)/H taken at 1 T with H Lc for Ba(Fe,_,Cu,)2Asy series. . . .. 89
(a) Enlarged temperature dependent heat capacity of Ba(Fe, _,Cu,)2Asy

(z =0,0.0077, 0.02 and 0.026). Inset: C, vs. T? for Ba(Fe g55C10.044)2A55.
(b) Enlarged dC,/dT vs. T for Ba(Fe,__ Cu,)2Ass (z = 0.02 and 0.026). 90
T — x phase diagram of Ba(Fej_,Cu,)2Ass single crystals for z < 0.061. 91
Lattice parameters of Ba(Fe;_, , Co;Cuy)oAsy (z ~ 0.022) series, a

and ¢ as well as unit cell volume, V, normalized to the values of
Ba(Fey g76C00.024)2A82 (a20=3.9598(6)A, cp=13.0039(30)A) as a func-

tion of measured Cu concentration, ywps - - - - - « « o o oo ... 93



xii

Figure 6.13 Ba(FelixinOxCUy)QASQ (x ~ 0.022) series. (a) The temperature de-
pendent resistivity, normalized to the room temperature values. Each
subsequent data set is shifted downward by 0.3 for clarity. (b) d(p(T")/psoox)/dT
for y < 0.019. (c) Enlarged low temperature p(T")/psoor. - - - - - . - 94

Figure 6.14 Ba(Fe;_, ,Co;Cuy)2Asy (z ~ 0.022) series: (a) Field-cooled (FC) and
zero-field-cooled (ZFC) low field M (T')/H data taken at 2.5 mT with
Hlec. (b) M(T)/H data taken at 1 T with Hle. . . ... ... ... 95

Figure 6.15 Temperature dependent heat capacity of Ba(Fe, ¢53C00.021Cug.026)2As2.
Inset: Cp/Tvs. T. . .00 oo o 96

Figure 6.16 7T — y phase diagram of Ba(Fe; , ,Co;Cuy)2Asy (z ~ 0.022) single
crystals. . . ... e 97

Figure 6.17 Lattice parameters of Ba(Fe; , , Co,Cuy)2Asy (z ~ 0.047) series, a
and ¢ as well as unit cell volume, V, normalized to the values of
Ba(Fe 935 C00.047)2A82 ( ap=3.9605(6)A, cu=12.9916(38)A) as a func-
tion of measured Cu concentration, Ywps - - - « « « o v o o oo ... 98

Figure 6.18 Ba(Fe;_, ,CoyCuy)2Asy (z ~ 0.047) series: (a) The temperature de-
pendent resistivity, normalized to the room temperature value. Each
subsequent data set is shifted downward by 0.3 for clarity. (b) d(p(T")/psoox)/dT
for y=0 and 0.0045. (c) Enlarged low temperature p(T)/psoox- - - - - 99

Figure 6.19 Ba(Fe;_,_, Co,Cuy)2Asy (x ~ 0.047) series: (a) Field-cooled (FC) and
zero-field-cooled (ZFC) low field M (T")/H data taken at 2.5 mT with
Hlec. (b) M(T)/H data taken at 1 T with H Lc for 0 <y <0.034. . 100

Figure 6.20 Temperature dependent heat capacity of Ba(Fe g5,C00.047Cu0.019)2As2.
Inset: C,/T vs. T near the superconducting transition with the esti-
mated AC, shown. . . ... ... ... Lo 101

Figure 6.21 T — y phase diagram of Ba(Fel_x_yCOICUy)QASQ (x ~ 0.047) single

crystals. . . .. 102



Figure 6.22

Figure 6.23

Figure 6.24

Figure 6.25

Figure 6.26

Figure 6.27

Figure 6.28

Figure 6.29

Figure 6.30

xiii

Lattice parameters of Ba(Felf xR,hQ;)QASQ series, a and c as well as unit
cell volume, V', normalized to the values of pure BaFesAss as a function
of measured Rh concentration, zywps . . . . . . . . . ... ... ... 103
Ba(Fe,_,Rh;)2Asy series: (a) The temperature dependent resistivity,
normalized to the room temperature value. Each subsequent data set
is shifted downward by 0.3 for clarity. (b) d(p(T")/psoor)/dT for x <
0.039. (c) Enlarged low temperature p(T)/psoor- - - - « « « v« o o .. 104
(a) Low magnetic field M(T)/H of Ba(Fe, _,Rh;)2Asy series. Inset:
the criterion used to infer Tt is shown for Ba(Fe; 45, Rho.039)2As2. (b)
Temperature dependent heat capacity of Ba(Fe g,3Rho.057)2As2. Inset:

Cp vs. T near the superconducting transition with the estimated AC),

T — x phase diagram of Ba(Fe, _, Rh,)2As, single crystals. . . .. .. 106
Lattice parameters of Ba(Fe;_,Pd;)2Ass series, a and ¢ as well as unit

cell volume, V', normalized to the values of pure BaFeyAss as a function

of measured Pd concentration, zwps . . . . . . . .. ... ... 107
Ba(Fe,_,Pd;)2Asy series: (a) The temperature dependent resistivity,
normalized to the room temperature value. Each subsequent data set

is shifted downward by 0.3 for clarity. (b) d(p(T')/psoox)/dT for x <
0.027. (c) Enlarged low temperature p(T)/psook. - « - « « « « « o . 108
(a) Low magnetic field M (T)/H of Ba(Fe,_,Pd;)2Asy series. (b) Tem-
perature dependent heat capacity of Ba(Fe0.957Pdg,043)2ASQ. Inset: C),

vs. T near the superconducting transition with the estimated AC),
shown. . . . L 109
T — x phase diagram of Ba(Fe, _ Pd;)2Asy single crystals. . . . . .. 110
(a) T'—z phase diagrams of Ba(Fe, __ Rh,)2Asy and Ba(Fe, _,Co,)2Asy
series. (b) T'—x phase diagrams of Ba(Fe, _,Pd;)2Ass and Ba(Fe, _ Ni;)2Asy

SETIES. v v v e e e e e s 113



Figure 6.31

Figure 6.32

Figure 6.33

Figure 6.34

Figure 6.35

Figure 6.36

Figure 6.37

Xiv

(a) T — x phase diagrams of Ba(Fe,_,TM;)2Asy (TM=Co, Ni, Cu, Co
/ Cu). (Note: for Co / Cu doping, xwps = x +y). (a) T — e phase
diagrams of Ba(Fe;_,TM;)2Asy (TM=Co, Ni, Cu, Co / Cu). . .. ..
T. as a function of extra electrons, e, per Fe/TM site for all the series
WE GTEW. v v v e e e e e e e e e e e e
Comparison of the lattice parameters (7" ~ 300 K), normalized to the
values of pure BaFegAsg, for all the 3d electron doped series: (a) a/ay,
(b) ¢/co, (c) V/Vy, (d) (a/c)/(ap/co) as a function of transition metal
doping, z; and (e) (a/c)/(ap/cp) as a function of extra conduction elec-
trons added, e. . . . ...
Comparison of the lattice parameters (7" ~ 300 K), normalized to the
values of pure BaFeyAsy, for Co-doped, Ni-doped, Rh-doped and Pd-
doped BaFeaAsy series: (a) a/ag as a function of transition metal dop-
ing concentration z, (b) (a/c)/(ap/co) as a function of extra electrons
added, e. . . . . L
T, — T}, as a function of Ts. The data points from the samples indexed
by ”*” and ”**” are not included. . . . ... ... ... ... ...
(a) T, as a function of Ts. (b) 7. as a function of T,,. The data

7*7 and 7**” are not included. (c)

points from the samples indexed by
Transition temperature as a function of adjusted x. x is normalized so as
to bring the interpolated values of T onto the transition associated with
Ba(Feg g55C00.047)2As2: for Co doped BaFesAsy, v = xwpg; for Rh
doped BaFegAsg, x = zypg x0.047/0.039; for Pd doped BaFesAsy, x =
xwps X 0.047/0.028; for Ni doped BaFeaAss, © = xyps x 0.047/0.03.
R(H) data of Ba(Feg g5,Nio.046)2As2 with H Lc (upper panel) and H||c

(lower panel). . . . . .. ...

120



XV

Figure 6.38 (a) Hco vs. T from offset criterion (upper panel) and onset criterion
(lower panel) of Ba(Fe ¢5,Nio.046)2As2 and Ba(Fe ¢55C00.047)2As2. (b)
He vs. T/T, from offset criterion (upper panel) and onset criterion
(lower panel) of Ba(Fe g5,Nig.046)2As2 and Ba(Fe, go4C00.074)2As52 (c)
v = HCJQC/HDQC vs. T/T, for Ba(Fe; g54Nig.oa6)2As2. . . . . . . .. .. .. 123
Figure 6.39 (a) AC,/T. and T, as functions of the doping level z. (b) AC, as a
function of T,.. The solid line is the curve according to AC,, = 0.055 T3

¢) log-log plot of AC, /T, vs. T, [24, 25, 34, 35, 36, 54, 159, 160]. . . . 125
i



xvi

ACKNOWLEDGEMENTS

I would like to take this opportunity to express my sincere thanks to those who have helped
and supported me in the past several years.

First and foremost, I would like to thank my Ph.D. advisor, Dr. Paul. C. Canfield, for his
guidance, trust and encouragement throughout the process in doing my research and writing
this thesis. He is the best advisor I could imagine and I thank him for spending a lot of time
and effort to guide me, teach me, discuss with me and make jokes with me.

I would also like to thank my co-advisor Dr. S. L. Bud’ko for the guidance and valuable
discussions on various physics problems.

Special thanks to Dr. M. A. Tanatar, Dr. V. G. Kogan for the nice discussions, suggestions
and encouragement.

I would like to thank my collaborators A. Thaler, Dr. J. Q. Yan and N. H. Sung for the
sample growth, A. Kracher for the elemental analysis, M. E. Tillman and Dr. S. T. Hannahs
for the upper critical field H.» measurements.

Thanks must also go to Dr. S. Jia, Dr. A. Kreyssig, Dr. C. Martin, E. D. Mun, Dr. E.
Colombier, R. Gorden, Dr. S. Nandi, D. Pratt, Dr. R. Prozorov, Dr. R. J. McQueeney, Dr.
A. L. Goldman, Dr. R. W. McCallum, Dr. R. W. Hu, X. Lin, S. Kim, H. Kim, H. Hodovanets
and S. Ran for the nice help and discussion.

Finally, I want to thank my beloved husband Zhongbo Kang, my parents and parents in
law, who have always been patient and supportive to me. Without their love, I would not have
been able to complete this work.

Work at the Ames Laboratory was supported by the Department of Energy, Basic Energy
Sciences under Contract No. DE-AC02-07CH11358.



CHAPTER 1. Introduction

Since its discovery in 1911 [1], superconductivity has been one of the most actively studied
fields in condensed matter physics and has attracted immense experimental and theoretical
effort. At this point in time, with more and more superconductors discovered in elements,
alloys, intermetallic compounds and oxides, it is becoming clear that superconductivity is
actually not so rare in nature.

Almost half of the elements in the periodic table and hundreds of compounds have been
found to be superconducting. Fig. 1.1 shows the milestones in discovering higher 7T, super-
conductors. Among the elemental superconductors, Niobium has the highest superconducting
transition temperature, T,, of 9.5 K. This record held for more than ten years, until the dis-
covery of niobium nitride which superconducts below 16 K. It took another thirty years for 7,

to increase from 16 K in niobium nitride to 23 K in niobium germanium.
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Figure 1.1 History of the discovery of superconductors with exceptional 7
values [3, 4, 6, 7, 8, 11, 19, 23, 30].



Even though the critical temperatures stayed below 25 K for almost half a century, re-
searchers remained optimistic. In 1977, when V. L. Ginzburg and D. A. Kirzhnits wrote in

their book ”High-temperature superconductivity”:

” Specially we have in mind the possibility of producing ”high-temperature” superconductors with
T. > 90K, which can be cooled by liquid air (nitrogen) or even superconductors with critical

temperatures of the order of room temperature, i.e., with T, ~ 300K [2]

they could not have expected that only 9 years later the first of these goals would actually
come true.

In April 1986, a big breakthrough was made by Karl Miiller and Johannes Bednorz [3].
Their discovery of (Laj_xBay)CuOy, with a transition temperature of 30 K range, started the
new episode of high 7, superconductors. Nine months later, T, rose to 93 K in YBaoCu3zOr7_s
discovered by M. K. Wu, C. W. Chu and the collaborators [4] (and later confirmed by R. J,
Cava, et al. [5]); T. now exceeded the boiling point of liquid nitrogen. 7. continued to dra-
matically increase over the next several years. In 1988, the bismuth strontium calcium copper
oxide, BiaSroCa,Cuy109n16-s5 was discovered superconducting at 95 K when n = 1 [6], 105
K when n=2 [6], and thallium based cuprates TloBasCa,Cup4109416-5 (n=2) was discovered
with T, of 120 K [7]. In 1993, mercury barium calcium copper oxide HgBasCay,—1Cu,Ogpyo4s
(n=3) was found with T, as high as 133 K [8] and with T1 substitution on Hg sites, T¢. rose to
138 K which is the current record of highest T, at ambient pressure [9]. The highest T, under
pressure is currently 164 K in HgBayCasCusOgys5 at 31 GPa applied pressure [10].

For a long time the cuprates were thought to be the only "high temperature” supercon-
ductors. This situation was changed in February 2008 when Fe-pnictides were added to the
ranks of high temperature superconductors [11]. Their discovery traces back to 2006 when
H. Hosono put the research efforts of his group in the layered LaTPnO (T = Fe, Co, and
Ni, Pn=P and As) compounds. At that time, there is no doping trial or physical property

measurements being made on these compounds although LaTPO (T = Fe, Co, and Ni) com-



pounds were first synthesized by B. I. Zimmer, et al. in 1995 [12] and LaTAsO (T = Fe, Co,
and Ni) compounds were first synthesized by P. Quebe et al. in 1999 [13]. This work led to the
discovery of superconductivity at 5 K and 3 K in LaTPO (T=Fe, Ni) in 2006 and 2007 respec-
tively [14, 15]. In 2008, layered LaFeAsOg ¢F(.1 was reported superconducting around 26 K at
ambient pressure by Hosono’s group [11] and later at 43 K, under applied pressures up to 4
GPa [16]. T, soon rose to 55 K at ambient pressure in RFeAsOg 9F( 1 one month later (R=Ce,
Pr, Nd, Sm) [17, 18, 19, 20]. But single crystal sizes of these 1111 superconductors, grown by
either high temperature, high pressure technique [21] or flux method [22], were small and limit
the research on the 1111 system. In addition, problems associated with the stoichiometry of
O and F made reproducibility hard to maintain in these compounds.

In June 2008, another high T, Fe-pnictide family with 7, up to 38 K, (Ba; Ky )Fea Asy, was
discovered [23, 24]. Following the discovery of this oxygen-free, K doped, BaFeyAsy compound,
sizable single crystals of (Ba;_yKx)FesAss were grown, using solution growth methods, up to
3 x 3 x 0.2mm? scale [25, 26, 27]. Unfortunately these K-doped samples were found to be
rather inhomogeneous and there is a significant layer to layer concentration variation even in
one piece [25, 28]. On the other hand, it was soon found that the transition metal doping on
the Fe site in these families can induce superconductivity up to 24 K [29, 30, 31, 32, 33]. This
discovery was important not only because it made Fe pnictides different from cuprates in the
sense that superconductivity is destroyed by doping in the CuO plane, but also because large,
high quality, homogeneous single crystals can be easily grown and reproduced [26, 30, 33, 34,
35, 36, 37, 38, 39]. The crystal size can be as big as 0.2 ¢m? and the samples are the most
homogeneous ones among all the Fe pnictide superconductors, which is critical for advanced
studies.

The parent compound in 122 system, BaFesAso [40, 41], has very similar structural and
physical properties to the parent compound in 1111 system, LaFeAsO [42, 43]. A comparison
of the structures of BaFeyAsy with LaFeAsO is shown in Fig. 1.2. We can see clear similar-
ities in the structures of these compounds: both of them possess FeAs sheets of edge-sharing

FeAs, tetrahedra. For BaFesAss, the FeAs sheets are separated by barium atoms whereas for



LaFeAsO, FeAs sheets alternate with LaO layers of edge-sharing OLay tetrahedra along the ¢

axis.

(a) (b)

Figure 1.2 The crystal structure of a) BaFeaAsy [40] and b) LaFeAsO [43].

BaFesAsy [40] LaFeAsO [43]
T(K) 297 20 300 120
space group [4/mmm Fmmm  P4/nmm, Z=2 cmma, Z=4
aA 3.9625(1)  5.6146(1) 4.03268(1) 5.68262(3)
bA —=a 5.5742(1) —=a 5.71043(3)
cA 1.30168(3) 1.29453(2) 8.74111(4) 8.71964(4)
VA3 204.38(1)  405.14(2) 142.1524(8) 282.954(2)
Z 2 4 2 4

Table 1.1 Detailed crystal structural information of BaFesAsy [40] and
LaFeAsO [43].

The temperature dependent resistivity and magnetization of polycrystalline BaFes Aso stud-
ied by Rotter et al. [40] are presented in Fig. 1.3 (a). The high temperature resistivity is
roughly temperature independent. Below about 140 K, the resistivity decreases dramatically,

giving rise to a value of RRR, p(300K)/p(4K), of ~ 6. The resistivity in the measured temper-



ature range varies from 0.2 m{) ¢m at low temperature, to 1.2 m{) ¢m at room temperature.
The inset of Fig. 1.3 (a) shows the magnetic susceptibility taken at 0.5 T, which varies from
~ 9 x 10~*emu/mole to ~ 11 x 10~*emu/mole. A drop in the susceptibility occurs around
140 K, which is consistent with the feature seen in the resistivity data. The increase of the
susceptibility below 100 K may be attributed to traces of moment bearing impurities.

As a comparison, temperature dependent resistivity and magnetization of polycrystalline
LaFeAsO [42] are shown in Fig. 1.3 (b). It manifests very similar features in transport and
thermodynamic properties to the ones in BaFesAso: a large drop of both resistivity and mag-
netization around 160 K is observed in LaFeAsO; LaFeAsO is also a poor metal with the
resistivity ranging from 2.5 to 4 m{2 em in the temperature range from 2 K to 300 K. But for
LaFeAsO, the magnetic susceptibility measured at 1 T spans from 1 to 3 x 10~ *emu/mole,
which is roughly one order smaller than the one for polycrystalline BaFe;Aso; the low temper-
ature Curie tail in the LaFeAsO as shown in Fig. 1.3 (b) [42] is also smaller than the one that
is seen in the BaFesAsy as shown in Fig. 1.3 (a) [40].

Temperature dependent C), data of polycrystalline BaFeyAsy are presented in Fig. 1.3 (c).
A sharp peak can be seen around 140 K which indicates a phase transition at this temperature
and is in agreement with the anomalies in resistivity and susceptibility measurements. From
the inflection point of the A-anomaly, a transition temperature of 139.9+0.5K [40] was inferred.
As a comparison, C, vs. T data for polycrystalline LaFeAsO are shown in Fig. 1.3(d).
Instead of a similar sharp heat capacity peak observed for BaFesAsy, a broad feature with
two kinks is seen at the temperature where the resistivity and magnetization drop significantly
for LaFeAsO. These features in LaFeAsO were reported to be associated with a tetragonal to
orthorhombic phase transition around 160 K and a paramagnetic to antiferromagnetic phase
transition around 145 K [42, 43, 44, 45].

The similarities between BaFeyAsy and LaFeAsO are further seen in temperature dependent
powder X-ray measurements of BaFeaAsy [40]. Fig. 1.4 (a) presents X-ray powder diffraction
data from BaFesAss between 150 and 40 K. Below 140 K, several peaks broaden and as

temperature decreases, these peaks clearly get split, indicating the occurrence of a structural
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phase transition. The refinement of the low temperature patterns shows the low temperature
phase belongs to the orthorhombic F'rmmm space group. The evolution of the lattice param-
eters with temperature from 180 to 100 K is shown in the right panel of Fig. 1.4 (a). The
refined lattice constant data are shown and compared with LaFeAsO in Table 1.1.

5TFe Mossbauer spectroscopy investigation of BaFeyAsy [40] with transmission integral fits
at 298, 77, and 4.2 K is presented in Fig. 1.4 (b). At room temperature, a single signal is
observed, indicating a paramagnetic state exists at this temperature. At 77 K, well below the
anomaly temperature shown in Fig. 1.3 (a), a clear hyperfine field splitting at the iron nuclei
is observed, which clearly shows the existence of the long range magnetic ordering. At 4.2 K,
the magnetic moment was estimated to be 0.4up / Fe for BaFeyAsy whereas this number is
0.25(5) pp / Fe inferred from 57Fe Mossbauer spectra of LaFeAsO [44].

The detailed magnetic structure of BaFesAsy was later studied by neutron scattering [46].
It was found that the structural and magnetic phase transitions occur at the same temperature
in BaFeyAsy. This is different from LaFeAsO, in which the structural phase transition occurs
around 160 K whereas the antiferromagnetic transition occurs around 145 K [42, 44, 45]. Fig.1.4
(c) shows the magnetic structure of BaFeyAs,. The magnetic wavevector is (101), the same
as the one in LaFeAsO. Fe magnetic moments are aligned antiferromagnetically along the a
(longer in-plane axis) and c-axis, but ferromagnetically along the b axis (shorter in-plane axis).
The ordered magnetic moment is 0.87(3) up / Fe at 5 K whereas this number is 0.36(5) up per
Fe in LaFeAsO [45] (both values are substantially larger than those inferred from Mdssbauer
data).

Given the similarities in the structural and magnetic phase transitions among these two Fe
arsenides and the fact that they can be tuned superconducing under doping, the systematic
study of the doping effects on these compounds is vital to establish an understanding of this
superconducting state. In this work, I focus on transition metal (TM) doped BaFesAsy single
crystals, since they are the most homogeneous ones in Fe pnictides, can be easily reproduced

and quantified [30, 33, 34, 36, 37, 39], and offer a wide range of doping. Seven series of



Ba(Fe,_,TM;)2Asy (TM=Co, Ni, Cu, Co / Cu mixture, Rh and Pd) were grown and studied.
All the microscopic, structural, transport and thermodynamic measurements on these seven
series allow us to provide the first indications of the interplay between the structural, magnetic
and superconducting transitions and have led to an explosion of experimental and theoretical
work [33, 34, 35, 47, 48, 49, 50, 51, 52, 53, 54, 55].

This thesis will be organized as following. In Chapter 3, details about the growth method
and a brief review of the measurement techniques with the elemental analysis data of these
series will be given. In Chapter 4, the structural, transport and thermodynamic properties of
the parent compound BaFesAsy are summarized for single crystals grown from FeAs flux and
Sn flux. In chapter 5, the Ba(Fe,_,Co,)2Asy series is presented as the archetypical TM-doped
series. The effects of Co doping in BaFesAs, compound are extracted from the transport
and thermodynamic measurements, the upper critical field H.o measurements up to 35 T are
presented, and a detailed temperature-doping (7" — x) phase diagram is mapped out. In chap-
ter 6, the transport and thermodynamic properties in Ba(Fe; _ Ni;)2Asy, Ba(Fe, _ Cu,)2Aso,
Ba.(FelixinOIC’U,y)QASQ (x ~ 0.022) and Ba(FelixinOmClly)QASQ (x ~ 0.047) series as well
as Ba(Fe,_,Rh;)2Asy and Ba(Fe, ,Pd;)2Asy series are presented. Detailed temperature-
doping concentration (7" — x) and temperature-extra electrons (7' — e) phase diagrams are
plotted out and compared. Chapter 7 is a summary of the work in this thesis and some of the

conclusions drawn from it.
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CHAPTER 2. Overview of superconductivity

The first theory satisfactorily providing a classical phenomenological description of super-
conductivity was London theory [56], proposed in 1935 shortly after the discovery of Meissner
effect [57]. However, since superconductivity is a quantum phenomenon, the London theory
only provided a good qualitative agreement with experiment rather than a quantitative one.
The most successful phenomenological theory describing superconductivity is Ginzburg-Landau
(GL) theory, proposed in 1950 [58], which was based on Landau’s second-order phase transi-
tion theory and also took account of quantum effects. The wavefunction of superconducting
electrons, ¥ (r) was employed as the order parameter. It predicted the type II superconductor
[59] and achieved good quantitative agreement in the vicinity of T,.. However, both London and
GL theory only answered ”how a superconductor behaves” rather than ”what is superconduc-
tivity”. This question was addressed by J. Bardeen, L. N. Cooper and J. R. Schriffer in 1957.
Three papers [60, 61, 62], ”Bound Electron Pairs in a Degenerate Fermi Gas”, ”Microscopic
Theory of Superconductivity” and ” Theory of Superconductivity”, lead to the microscopic un-
derstanding of superconductivity. In the first paper, Cooper constructed a wave function and
showed that two electrons in the vicinity of Fermi surface, under an arbitrarily small attractive
interaction, can form a bound state. In the second paper, they dealt with the many body sys-
tem represented by noninteracting electron pairs; they demonstrated that if a net attraction
existed in an electron pair, no matter how weak it is, a condensed state of electron pairs (k, —k)
with antiparallel spins exists. By assuming the attractive interaction is mediated by phonons
and simplifying the electron-phonon interaction as a constant, a proper energy gap between the
ground state and the elementary excitation state can be naturally achieved, which had been

proposed as being responsible for the superconductivity in 1955 [63]. In the third paper, de-
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tailed calculations of the thermodynamic properties were presented which quantitatively agree
with the experimental data. The bridge between the successful microscopic BCS theory and
macroscopic GL theory was built by L. P. Gor’kov who found the quantitative relation between
the order parameter and the superconducting gap [64]. Using the BCS theoretic frame work,
a lot of theoretical work has been developed. A more realistic and sophisticated description of
the electron-phonon interaction was later introduced and used by G. M . Eliashberg [65], and
excellent agreement was achieved for a large number of superconductors [66].

The interplay between magnetism and superconductivity was also of interest. The theory
for the superconducting alloys with nonmagnetic [67, 68] and magnetic impurities [69] was
developed by A. A. Abrikosov, L. P. Gor’kov and P. W. Anderson. The upper critical field
theory of the type II superconductors was systematically studied by N. R. Werthamer, at co-
workers [70, 71, 72, 73, 74]. For the conventional superconductors, BCS theory works very well,
however it was unable to interpret many properties in the high T, superconductors assuming
electron-phonon interaction as the pairing mechanism. Although other pairing mechanisms,
such as spin fluctuations, polarons, etc. have been proposed to lead to the formation of Cooper
pairs, the mechanism for the high superconducting temperature is still far from being answered.

In this chapter, I will give a brief introduction of superconductivity in both experimental
and theoretical aspects. Basic experimental facts including the featured transport and magnetic
behavior of superconductor will be discussed in section 2.1. Microscopic BCS theory, Eliashberg
theory as well as the effect of nonmagnetic and magnetic impurities will be presented in section

2.2.

2.1 Zero resistivity and Meissner effect

Superconductors have two basic characteristics which are zero resistivity and flux exclu-
sion, the Meissner effect. In 1911, H. Kamerlingh Onnes, in University of Leiden, found DC
resistivity of mercury abruptly dropped to zero as temperature was cooled below 4.15 K [1].
This phenomenon was later named superconductivity. Above the transition temperature T,

the superconductor has finite resistivity and is in its normal state; below the transition temper-
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ature, the resistivity quickly decreases to zero and the superconductor is in its superconducting
state. This transition is a second order phase transition.

In 1933, Meissner and Ochsenfeld discovered the other characteristic of superconductivity:
the perfect diamagnetism [57]. Assume superconductors are only perfect conductors and the
magnetic properties of the superconducing state are completely determined by their zero re-
sistivity and obey Maxwell’s equation. Two different sequences can be used to measure the
magnetization below T¢: zero-field-cooled sequence (ZFC) and field-cooled sequence (FC). For
ZFC sequence, the superconductor is cooled down below T, in zero external magnetic field,
then the magnetic field H is switched on. According to the Maxwell’s equation

0B

Vx(p)=-—

(2.1)

the zero resistivity below T, leads to a constant B. Since B is zero before switching on the
magnetic field, B should be still zero in the field. For the FC sequence: the magnetic field H is
switched on above T, at which the superconductor is in its normal state, since the resistivity is
not zero in the normal state, B inside the superconductor is not zero, then the superconductor
is cooled down below T, the resulted B will not change in the superconducting state due to
eq. 2.1 and should be nonzero, as shown in Fig. 2.1 (a). However, this is not what Meissner
and Ochsenfeld observed. Instead, they found B is always zero no matter which sequence was
employed, as shown in Fig. 2.1 (b). The perfect diamagnetism in the superconductor can not
be explained by the zero resistivity and it is the intrinsic property of the superconductor.
Since B = 47M + Hg = 0 due to the Meissner effect, the work done by the external

magnetic field can be written as

Hy 1 H2
— MdH = —HdHy = — 2.2
0 4m 07 8r (22)
Therefore, the Helmholtz free energy is
H2
Fy(H) = F,(0) + S (2.3)

where F;(0) is the free energy of a superconductor in zero magnetic field. When

H2

Fs(H.) = F, = Fs(0
(1) (0)+ 5

(2.4)
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a) Perfect conductor

b)  Superconductor

Figure 2.1 Schematic diagram of the magnetic induction B in field-cooled
sequence (a) Perfect conductor, (b) Superconductor.

the superconducting state can be destroyed by an external magnetic field, the field H. is called

thermodynamic critical field. The critical field will be discussed further below.

2.2 Ginzburg-Landau theory and type II superconductor

Ginzburg-Landau theory is the most successful macroscopic theory to describe supercon-
ductivity [58, 75, 76]. Without knowing the microscopic mechanism, Ginzburg and Landau
amazingly predicted the behavior of superconductors based on excellent physics intuition.
Three assumptions were made. First, Landau’s second-order phase transition theory is ap-

plicable for superconductors since the phase transition from superconducting state to normal
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state is a second-order one when the external magnetic field is zero. Second, quantum mechan-
ics should be reasonably combined into Landau’s theory since superconductivity is a quantum
phenomenon rather than a classical one. It assumed all superconducting electrons behaved
coherently and superconducting electrons could be described by a single phased wavefunction
P(r) = |¢(r)|e?®. Third, 1(r) can be used as the order parameter.

For an inhomogeneous superconductor in a magnetic field, the Gibbs free energy can be
written as :

B2 B-H
8 A

h? * b
GulH) =G+ [ (590 = i AP + alf + Sl + av(25)

where A is the magnetic vector potential, the magnetic induction B = V x A, H is the external

magnetic field, %ﬁ is the magnetic energy, ¥(r) = |1 (r)|e'? is the order parameter which can

*

be normalized so that [¢(r)|? is equal to the superfluid density, |1(r)|?> = n%. Over a small

range near 7T,
a(T) ~ ao(T/Te — 1),b(T") ~ bo (2.6)

By minimizing the Gibbs free energy by 0G;/01 = 0 and dGs/0A = 0, two coupled Ginzburg-
Landau equations can be obtained. These two equations together with eq. 2.5 set up the basis

of GL theory.

2.2.1 Coherence length and penetration depth

Two characteristic lengths for superconductors can be defined qualitatively. One is £ named
as coherence length over which the order parameter ¢ varies significantly and we will see later
that the coherence length is the size of the Cooper pair in the microscopic theory.

h2

£ = 2m*[a] (2.7)

The other one is penetration depth, A\, over which the magnetic field can penetrate into the

m*c2b
A=y ——— 2.8
\/ 4me2|al (28)

It can be seen that the superfluid density n} oc A72.

surface appreciably,
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2.2.2 Type II superconductor

For A > &, the magnetic field penetrates into the superconductor much larger than the
variation range of the order parameter, therefore, the order parameter is significantly affected
by the magnetic field. A mixture of superconducting and normal states can exist under this
condition.

Assuming there is a mixture of superconducting and normal domains in the external field

H, the sign of the interface energy o, is determined by the Ginzburg-Landau parameter k = %,
1
k< —==0ps >0 type I superconductor (2.9)
V2
1
K> —= = 0ps <0 type II superconductor (2.10)

V2

If 0,5 is larger than zero, the formation of the interface is not energy favorable, the supercon-
ducting phase and the normal state will only exist at H < H. or H > H_ respectively. This
type of superconductor is called type I superconductor. Most element superconductors are
type I superconductor, for many the coherence length & is about 10~*c¢m which is almost 100
times larger than the penetration depth. If 0,5 < 0, the formation of the interface becomes
energetically favorable under certain circumstances. These type of superconductors are type
II superconductors. When H < H.j, the average field B inside the specimen is zero which
shows the pure Meissner effect. When H.; < H < H., the magnetic field penetrates inside
the specimen, the superconductor is divided into normal and superconducting domains which
are parallel to the external field. The normal domains are vortices, each with radius of the
order £. The density of the vortices increases with increasing external field until H.o, at which
the distance between two vortices is about & and the specimen changes to the normal state.
High T, cuprates are type II superconductors with & around 10~"cm and A\ around 10~°cm.

In a tetragonal type II superconductor,

(I’O (I)O
Hie—_ "0 (] 0.08 Hie = 2.11
cl 47‘(’Aab)\c ( n K:ab + ) c2 27r£ab§C ( )
0 lle o
gl — ] 0.08) Hlo— 92.12
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where ® is the elementary flux quantum, 2.07 x 10~7Oecm?. The anisotropic Hy parameter
defined as H CL2‘3 /H i|2c7 is equal to £gp/&c. In many cases, the lower critical field, H,j, is a small
field, on the order of a mT while the upper critical field, H.o, can be as high as several tens
of T. The coherence length is usually estimated from this equation with the data from upper

critical field measurements.

2.3 BCS theory

In 1950, two groups independently found that different isotopes of mercury have different 7
[77, 78] which were later found to obey the relation T.M# = constant, where M is the mass of
the isotope. Inspired by this isotope effect, Bardeen, Cooper and Schrieffer (BCS) assumed an
electron-phonon interaction as the pairing mechanism. Although other pairing mechanisms,
like spin fluctuation, etc, were hypothesized for nonconventional superconductors, the idea
of the formation of Cooper pairs, the key ingredient of superconductivity remains the same.
Eliashberg theory [65] is an extension of BCS theory. In BCS theory, to simplify the calculation,
a lot of assumptions were made, such as constant electron-phonon interaction, Fermi sphere
assumption, etc, on the other hand, Eliashberg theory considered a more realistic situation
and took care of electron-phonon spectral function, band structure, etc. I will briefly review
BCS theory and list the important outcomes from this theory [75, 76]. Then I will list the

important results from Eliashberg theory.

2.3.1 Superconducting state

In 1950, Frolich [79] demonstrated that electrons can indirectly interact with each other in
a crystal by emitting and absorbing phonons. Electron 1 with wave vector k1 emits a phonon
and goes to state k], electron 2 with wave vector ks absorbs this phonon and goes to state k.
This process can be understood as (ki, k2) state is scattered to (K], k%) state by phonon. By
this interaction, electrons within a thin shell of Awp in the vicinity of the Fermi surface are
attractive to each other.

In 1956, Cooper considered two electrons which are attractive to each other above the
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Fermi surface, he solved the two body Schrédinger equation and calculate the binding energy
of these two electrons. He found the binding energy is always negative and a bound pair with
negative potential can always be formed no matter how small the interaction is [60].
Combining the two facts above, Bardeen, Cooper and Schrieffer developed the microscopic
theory of superconductivity. In a crystal, electron pairs in the Awp shell near Fermi surface are
formed due to the electron-phonon interaction and scattered from below the Fermi surface to
above the Fermi surface, the potential energy is lowered while the kinetic energy is increased in
this process. If the decrease of potential energy is larger than the increase of the kinetic energy,
the ground state of the system is no longer the one for the normal state that all the electrons

occupy the states inside the Fermi surface, as shown in Fig. 2.2 (a), but rather the one in

Normal state Superconducting state

(a) (b)

Figure 2.2 Schematic diagram of Fermi surface at (a) Normal ground state,
(b) Superconducting state.

which some states above Fermi surface were occupied and some states below Fermi surface
were empty, as shown in Fig. 2.2 (b). To form as many pairs as possible, so that the lowest
energy can be achieved, the two electrons in one pair will be favored with opposite momentum,
which mean k1 = —ko = k, and if we also consider the electron spins, antiparallel configuration
often lowers the energy even more. The electron pair with momentum (k, —k) and antiparallel
spin is called Cooper pair. Due to the Pauli exclusion principle, the wavefunction of the pair
state should be antisymmetrical under the particle exchange. If the spin of these two electrons

form a spin singlet state (S=0), the spacial wavefunction should be with one even parity, which
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means the angular momentum should be L=0, 2, 4..., etc. If the spins form a spin triplet state
(S=1), the spacial wavefunction should have odd parity and the angular momentum should be
L=1, 3, ..., etc. In very rare situations, such as ferromagnetic superconductor SroRuOy4 [80],
Cooper pairs are thought to be formed with parallel spins.

In BCS theory, to simplify the calculation, several assumptions are made. First, the Fermi
surface is assumed to be a sphere. Second, the pair state is assumed to be with L=0 and

S = 0. Third, the electron-phonon interaction, Vi, is simplified as a constant:

-V if&k §th,e/§th
View = o id (2.13)

0 if ‘e’:“k‘ >ﬁwD,]€k/] > hwp
where ¢y, is the relative kinetic energy of the electron defined as

nk: hPkG
_ _ 2.14
Ek 2m 2m ( )

Assuming 1/,3 is the probability that pair state (k, —k) is occupied, the energy can be written

as

Es = Z 2&'sz + Z ka’Vk’Nka,Ufk’ (215)

Since the system will not be in equilibrium until the Gibbs free energy G, is minimum, by

setting 0G/0v2 = 0, V2 can be obtained as:

R = 21— 2i/By) (2.16)

where E;, = 1/5% + A%

Fig.2.3 (a) plots the momentum dependent v?. It quantitatively shows that the Fermi

surface becomes ”"smeared out” in the superconducting state.

2.3.2 Excitation spectrum, gap function and gap symmetry

The elementary excitation energy can be expressed as

Ej = /2 + A2 (2.17)
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Figure 2.3 (a) Momentum dependent occupation probability vZ. (b)
Quasiparticle excitation spectrum.

Where A has the physics meaning as ”energy gap” since the excitation energy are not constant
as in the normal metal, but have the smallest value as A, as shown in Fig.2.3 (b). To break
one Cooper pair, at least 2A energy is needed. As temperature increases, more and more
pairs break and the gap becomes smaller and smaller. At the critical temperature 7., the gap

decreases to zero. An implicit expression of this gap can be obtained,

co tanhy/er + A2)2kpT,
1=VD(0 / de (2.18)

2 + A2
In most simple cases, €9 > kpT.. A(T) is plotted in Fig. 2.4 and compared with experimental
data of Nb, Sn and Ta [81]. A good agreement is achieved.
The features of A(T") are summarized below:
(1) At T'= 0K,

A(0) = h”—Dl (2.19)

Slnh(m)
in the weak coupling limit, D(E;)V < 1, kpT. < hwp

1

W) (2.20)

A(0) = 2hwp exp(—

in the strong coupling limit,

A(0) ~ hwp D(E)V (2.21)
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Figure 2.4 Solid line: the evolution of the gap function with temperature.
Hollow square: experiment data of Nb. Hollow circle: experi-
ment data of Ta. Solid circle: experiment data of Sn [81].

(2)Near T, in the weak coupling limit,
A(T) ~ 3.06T.(1 — T/T.)"/? (2.22)
(3)At low temperature, in weak coupling limit, kT < A(0), A(T) acts like

A(T) ~ A(O)[l — 1\ QFkBT/AO exp (—AQ/]CBT)] (2.23)

The superconducting gap is a very important quantity in superconductors not only because
it determines the thermodynamic properties of superconductor, which we will discuss in the
next section, but also because it is closely related to the Cooper pair state and superconducting
order parameter. It was proved [64] that the order parameter ¢(r) in Ginzburg-Landau theory
is actually the pair wavefunction in microscopic theory and is proportional to the supercon-
ducting energy gap. Therefore, by measuring the supercondcuting gap, information obout the
pairing symmetry, which is critical in determine the pairing mechanism, can be provided. Fig.
2.5 shows the schematic representation of A in k space. Fig. 2.5 (a) shows the isotropic s-wave

superconducting gap with L = 0 and S = 0, the superconductor is fully gapped, which is the
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Figure 2.5 Superconducting gap with different gap in k& space.

situation discussed in the original BCS theory. For the so called si-wave pairing symmetry,
which was proposed to be favored in FeAs based superconductors, the superconductor is fully
gapped on both the electron and the hole Fermi sheets but with opposite signs between them
[82, 83, 84, 85, 86] Fig. 2.5 (b) shows the anisotropic p-wave gap with L = 1 and S = 1. Fig.
2.5 (¢) and (d) show the anisotropic d-wave gap with L = 2 and S = 0. For different gap

symmetry, the angular dependent superconducting gap, A(k), can be written as [87]

1 isotropic s — wave
g(k) =19 cos(2¢p) dy2_,2 — wave (2.24)
sin(2¢) dyy — Wave
The gap anisotropy is defined as
< A(k) >2
Q=1- 2.25
<Ak)?Z > (2.25)

which is 0 for isotropic s-wave superconductors and 1 for d-wave superconductors.



22

2.3.3 Thermodynamic properties

(1) The ratio of 2A(0)/kgT,, in the weak coupling limit, is
1 2A(0)

kpT, ~ 1.14hw — , =3.53 . 2.26
B D exp( D(Ef)v) kT, (2.26)
In the strong coupling limit, it is
2A(0
kpT. ~ hwpD(E)V/2, kE./’) =4 . (2.27)
Blc

(2) In the weak coupling limit, the specific heat jump can be expressed as the universal

relation,

Cs - Cn
—— |7, =143 2.28
i (229)

where v = 2n2k%,D(Ey),
(3) In the weak coupling limit, the thermodynamic critical field can be expressed as

A

H,(0) = 05T,

7. (2.29)

where (dcgcﬂgpc =44./y

(4) In the weak coupling limit, at very low temperature,

A(0)%5 A0
1(11?5 exp(— k;]z )

C (2.30)

2.4 Eliashberg theory: the extension of BCS theory

Eliashberg theory can be considered as an extension of BCS theory [65, 88]. Since Eliash-
berg theory employed a lot of mathematical techniques beyond the scope of this thesis, I will

just summarize the main improvements in Eliashberg theory comparing to BCS theory.

2.4.1 Electron-phonon spectrum and pseudopotential

In BCS theory, the electron-phonon interaction is taken as a constant —V', as we showed in
the last section. In Eliashberg theory, the electron-phonon mass enhancement factor, A, which

is equal to D(E¢)V in BCS theory can be expressed as

A= 2/00 CEW) (2.31)
0

v
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where a? F(v) is the electron-phonon spectral function (Eliashberg function). It is defined as

a2 , v _ o

where a is the electron-phonon coupling strength, F(v) is the phonon density of states,
aik,F(V) is related to the phonon spectral function, which can be calculated from the band
structure calculation or obtained from fitting to the phonon dispersion curves from the inelastic
neutron scattering.

Therefore, in Eliashberg theory, information about the band structure and the phonon
spectrum of a specific compound is included.

The cut off frequency is no longer wp, but the characteristic phonon frequency,

a?F(v)

v

Wi = exp[i/ Inv dv] (2.33)
0

which contains the detailed information of a?F(v).

The electron-electron Coulomb interaction is also taken care of. A phenomenological
Coulomb pseudopotential p* is introduced to describe this effect.

Practically, the determination of the electron-phonon spectral function is an iterative pro-
cess between experiment and theory. First, the electron-phonon spectrum is calculated and
the Coulomb pseudopotential is guessed, then corrections are made with an iterated fitting
process between theoretical calculation and experimentally measured functions [88, 89]. The
corrected electron-phonon spectrum o?F(v) and Coulomb pseudopotential x* are then used
in the Eliashberg equations to calculate T, the superconducting density of state, gap, etc.
Good agreements are generally achieved. More discussion about this procedure can be found

in reference [88].

2.4.2 Thermodynamic properties

Although there is still no analytic solution for the Eliashberg theory, numerical ones are

available.
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In the BCS limit in which the electron-phonon mass enhancement factor A is assumed to
be a constant in the vicinity of the Fermi surface, the transition temperature can be written
as the McMillan equation [88, 90],

1.04(1 4 )

hwm
kpT, — _ 2.34
B 12 Pl T 062 (2:34)
The isotope effect in the BCS limit can be presented as [88]

T. = AMP (2.35)

1 1.04(1+A\)(1+0.62))
=—(1- 2.36
b= raroenge ©) (2:36)

whereas in BCS theory [ is equal to 0.5. The isotope effect can be used to check if the
the pairing mechanism is electron-phonon interaction. Combining eq. 2.34 with 2.36, one can
actually get a qualitative estimation of A and p* for that superconductor, if they are unrealistic
numbers, electron-phonon interaction mechanism should be excluded. The isotope effect has
been studied in a lot of systems, such as MgBy and cuprates [91, 92]. It demonstrated that
phonon mechanism is responsible for the superconductivity in MgBs, but not in cuprates.
Accurate numerical solutions of Eliashberg equations for a lot of superconductors based on
the experimental information of electron-phonon spectral function from tunnelling data have
been obtained [93]. The difference between the calculated 24 and experimental 2A¢ is within
several percentages. The resulting ratios of 2A¢/kpT, are summarized in Fig. 2.6 (a) as the
”dot” symbols. An empirical function of 2Ay/kpT, could be obtained by fitting the numerical

data, which is expressed as [93]

2A(0) T: 9, ,Win
= 3.53(1 1
kpT. [ * a(wln) n( bT.

)] (2.37)
where a and b are the fitting parameters with the converged values of 12.5 and 2 respectively.
This empirical equation was plotted in Fig. 2.6 (a) as the solid line. It follows the numerical
data very well.

Similar procedure was made for the ratio of AC(T¢)/vT. [94], where 7 is the Sommerfield

ratio. The empirical function of this ratio can be expressed as

ACH) gy 4 oL ) In(2e) (2.38)

Yic Win
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Figure 2.6 (a) The T,/wy, dependent 2A(0)/kpT,.. The solid dots are the-
oretical results from the full numerical Eliashberg calculation,
which agrees with the experiment data within 10%. (b) The
T¢/wry, dependent AC(T¢)/vT. The solid dots are theoretical
results from the full numerical Eliashberg calculation, which
agrees with the experiment data within 10% [66].

The fitting between the numerical results and this equation led to a = 53 and b = 3. The

numerical data and the curve are presented in Fig. 2.6 (b).

2.5 Impurity effects on the superconducting temperature

The Hamiltonian of the interaction between the impurities and conduction electrons can

be written as three terms [69, 95, 96]:

Hip = Z / Uo(r — 14) 4 Uso(r — 14) + Ue (v — 1)) (r)0(r)d’r (2.39)

where r, is the position of the impurity atom and the summation runs over all the impurities.
Uy is the interaction energy of an electron and impurity without considering the effects of
the impurity spin. For nonmagnetic impurities, only this term will exist.

Us, is the spin-orbit interactions between the vector potential associated with the spin of the
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impurities and the momentum of the conduction electrons, this term is a time-reversal invari-
ant energy contribution. It does not change the self-consistent equation of the superconducting
transition temperature and gap function, therefore it does not affect the superconducting tem-
perature and thermodynamic properties. Spin-orbit interaction only leads to the substitution
from % to % + é and affects the magnetic properties.

U, is the exchange energy between the total angular momentum of the impurity and the
spin of the conduction electrons. It is this term which breaks the time-reversal invariance
and gives non-trivial contributions to the superconducting temperature and thermodynamic
properties in superconducting alloys. For transition metal impurities, the orbital angular

momentum is quenched, the exchange interaction can be written as
Uer =—2IS -0 (2.40)

where I is the coupling between the spin of impurity atoms and the spin of conduction electrons
giving rise to the superconductivity, S is the spin of impurity atoms and o is the spin of
conduction electrons. For rare earth element impurities, since the total angular momentum is

J =L+ S, the exchange interaction is
Ueg = —2I(g;— 1) -0 (2.41)

Uso and Uy, are related to the contributions from the impurity spin and will be present in
the magnetic impurity case.
The discussion in the rest of this section is based on the assumption that the impurity

scattering is not momentum dependent (isotropic scattering).

2.5.1 Nonmagnetic impurities

The presence of isoelectronic, nonmagnetic, impurities will suppress T, according to [97,
98, 99, 100, 101]:

TcO 1 1% 1

7% = Qle(; +5) - () (2.42)

where ¢(z) is the digamma function, pu = h/27kpT.7 and 2 is the gap anisotropy which is

defined in eq. 2.25.
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As we can see from eq. 2.42, for isotropic s-wave superconductors, since =0, the intro-
duction of isoelectronic nonmagnetic impurities does not change the gap size and thus does not
change the transition temperature or thermodynamic properties. This result is named as ” An-
derson’s theorem” [68]. However, since in BCS theory (section 2.3.2), we know 7 is also related
to the Debye frequency and density of states according to kg1, ~ 1.14hwp exp(—Wlf)v), the
change of density of states due to the non-isoelectronic impurities and the change in Debye
frequency can also lead to changes in T, in an isotropic s-wave superconductor. For anisotropic
superconductors, since ) # 0, T, can be suppressed by the nonmagnetic impurities.

At low concentrations when p < 1,

T, g
Teo 8kpT

(2.43)

As we can see, the suppression of T, is linearly proportional to the impurity concentration.

At high concentration when pu > 1,

kBT

Pl (2.44)

To [A(0)

As we can see, T, will not be suppressed to zero unless Q=1 (d-wave).

Fig. 2.7 shows the experiment data of the T, suppression due to the nonmagnetic impurities
for some s-wave and non-s-wave superconductors. As we can see from Fig. 2.7 (a),
the suppression of T, due to the non-magnetic impurities Cd, in s-wave superconductor, In
[102, 103], is much slower than the suppression of T, of non-s-wave superconductors, such as
heavy fermion superconductor CeColns [101] and high T, cuprates YBCO and LSCO [104],
which agrees with eq. 2.42. From Fig. 2.7 (b), it can be clearly seen the suppression of T,
caused by nonmagnetic impurities, Cd, in the low concentration range (T, < Ty9) for s-wave
superconductor, In, is linearly proportional to the impurity concentration, which is consistent
with eq. 2.43.

In Fig. 2.7 (a), T¢/T.o with respect to the impurity concentration for two series of doped
LuNiyB2C (a nonmagnetic superconductor with 7, of 16 K [105]), were also presented. The
first series is (Luj—; Y, )NisBoC, where Lu atoms are substituted by the isoelectronic Y atoms;

the second series is Lu(Nij_,;Co,)2B2C, where the nonmagnetic Ni atoms are substituted by
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Figure 2.7 (a) T./T,o vs. nonmagnetic impurity concentration for s-wave
superconductor, In [102, 103] and LuNiyB2C [105]; non-s-wave
superconductor CeColns [101], YBCO [104] and LSCO [104].
Inset: Enlarged T, /Ty vs. nonmagnetic impurity concentration
for s-wave superconductor, In [102, 103]. (b) Relative change of
T. with dopant concentration vs. number of valence electrons

of Y(Nil_mTMx)zBQC [108] .

nonmagnetic Co atoms. For (Lu;_,Y,)NisBoC series, with rigid-band approximation, D(Ey)
is invariant with doping and does not contribute to the variation of T,. In this series, the
suppression of T, mainly comes from the scattering effect and the fact that the small T,
suppression is comparable to the one in In;_,Cd, is consistent with the s-wave gap symmetry
of LuNipBs2C. For Lu(Nij_,;Co,)2B2C series, since the density of states of LuNigB2C mainly
comes from Ni 3d bands and manifests a peak at the Fermi level [106, 107], the holes introduced
by Co atoms lead to the decrease of D(Ey) and thus result in a substantial decrease of T..
Indeed, a much faster suppression of T, than the one in (Lu;_,Y,)NigB2C was observed in
Lu(Ni;_;Co;)2B2C, as shown in Fig. 2.7 (a). The effect of the D(E;) change on affecting
T. can be better seen in Fig. 2.7 (b), which presents the dLnT./dx data vs. Z, the valence
electron, for Lu(Ni;_,TM,)2B2C (TM= Fe, Ru, Co, Ni and Pd) series [108]. As we can see
dLnT./dx roughly scales with Z, indicating the dominant effect of the D(E;) decrease on the

T, suppression in Lu(Nij_,TM,)2BoC series.
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2.5.1.1 Magnetic impurities [95]

The presence of magnetic impurities will suppress T, even in isotropic s-wave superconduc-

tors [69]:

In 22 = (2 + By () (2.45

which has the same form as T, suppression in d-wave superconductors due to nonmagnetic
impurities, except u,, = h/mkpT,7 which is two times larger than the one in eq. 2.42. It can

also be written as [95]:

T, 1 T,
=2 = (= 401422

1
T, 5 ot ) (2.46)

where « is the pair breaking parameter which is defined as % and has the expression below

for rare earth impurities,

T

=X T 112(g; — 1)J(J 4 1) (2.47)

(07

where (g7 — 1)2J(J + 1) is the de Gennes factor. By substituting it into eq. 2.46, the relation

between T, and the impurity concentration n; can be obtained,

T. | T, 1
In 22 = (= +0.14— ") = (3) (2.48)

T, 2 il

where n;. is the critical impurity concentration when 7. is completely suppressed. It can

be seen that this equation leads to a universal relation of %:CO with the normalized impurity
concentration ;:—ZC
At low concentration, :,71;% is suppressed linearly with ;:Z_"c,
;;CO =1- 42; =1- 0.691% (2.49)

As we can see this suppression rate is two time larger than the one in d-wave superconductors
caused by the nonmagnetic impurities as shown in eq. 2.43.
The suppression rate of T, with n; is given by [95]

ch‘ B _[WQD(Ef)
dni m—0 = QkB

11%(g; — 1)2J(J + 1) (2.50)
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This equation indicates for the dilute magnetic impurity limit,

2
mD(E
T/To = 1 = [2ED g, — 12507 + 1) (251)
2kp
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Figure 2.8 7T, and T vs. the de Gennes factor for pure RNisBoC [109].

Fig. 2.8 shows the data of 7. and Ty with respect to the de Gennes factor, (g;—1)2J(J+1),
for pure RNigB2C compounds [109, 110]. As we can see, the de Gennes factor can work as a
scaling parameter for both T and T, in these compounds. The fact that T, roughly scales with
the de Gennes factor is consistent with eq. 2.51 although more subtle interactions are revealed
with more careful analysis [109, 110]. And the fact that Ty scales well with the de Gennes
factor is consistent with the RKKY interaction which gives rise to the long range ordering in

these compounds.

In Fig. 2.9 (a), the solid line represents the theoretical universal curve of %:CO vs. n”—;
from AG theory [95]. The experimental data are collected for La;_GdyxAly series [95] and
shown as the "dot” symbols, a good agreement was achieved. In Fig. 2.9 (b), the normalized
suppression rate of T, in different rare earth element doped Laj_,GdyxAls and Lag g9Rg.o1 series

were presented as the "dot” symbols, the solid line is the theoretical curve of de Gennes factor

(97 —1)2J(J +1). Good agreements were also achieved.
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line: numerical result of from AG theory. Broken line: the-

oretical curve from BCS theory.
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One of two other important outcomes from AG theory is the universal specific heat jump
AC/ACy [111] with respect to T¢/Te0. Fig. 2.9 (c) shows the comparison between the exper-
iment data of Laj_xGdyAls series and the theoretical calculation from AG and BCS theory.
We can see the AG theory clearly shows deviation from BCS theory and much better fits the
experiment data. The other one is the so called gapless superconductor. It was approved
that when n; > 0.91n,., the superconducting gap size becomes zero although T, is not com-
pletely suppressed. This property leads to the linear temperature dependence of Cs(7T) at low
temperatures.

In was shown that if the order parameter, impurity scattering and pairing interaction in
a superconductor with arbitrary anisotropy can be expanded into a series of Fermi surface
harmonics, the superconductor can be mathematically treated as a multiband superconductor
[112, 113]. According to this formalism, A. A. Golubov and I. I. Mazin found if the parts
of the Fermi surface with positive order parameter were labelled as band 1 and those with
negative order parameter were labelled as band 2, only nonmagnetic interband impurities and
magnetic intraband scattering are pairing breaking [113]. They proved analytically that when
the average order parameter is zero (e.g., in d-wave superconductors), the suppression of T,
due to the magnetic or nonmagnetic impurity scattering is the same [113]. This suppression
rate is twice slower in d-wave superconductor than that of s-wave superconductors due to the
magnetic scattering, according to what we have seen from eq. 2.42 and 2.45.

The nonmagnetic and magnetic impurities were found to have practically indistinguishable

+_wave superconductors from the standard d-wave superconduc-

effects on suppressing 7T, in a s
tors [113, 114, 115, 116]. Considering the robust superconductivity in K, Co doped BaFeyAsy

[23, 34], more investigation along this line is needed.

2.5.2 Upper critical field: WHH theory

The first theoretical description of the upper critical field H.o was presented by A. A.
Abikosov, based on the Ginzburg-Landau theory, which restricted the application to the tem-

perature range near 1, and demonstrated that the superconductor with negative surface energy
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undergoes a second order phase transition to normal metal at H. which is larger than the
thermodynamic critical field H. [59]. The first microscopic theory of the upper critical field
was presented by L. P. Gor’kov for the clean superconductors with mean free path [ = oo based
on the linearized Gor’kov equation [117]. The subsequent, substantial contribution to this sub-
ject was from N. R. Werthamer and co-authors, who systematically studied this problem and
provided a description over the whole temperature range for all [ [70, 71, 72, 73, 74]. They
solved the linear Gor’kov equations for superconducting alloys, taking care of the effects of the
impurity scattering, Zeeman splitting (effect of Pauli spin paramagnetism) and the spin-orbit
interaction [70, 71, 72]. Later on they also considered the Fermi surface anisotropy effect [73]
and strong electron-phonon coupling [74].

The external magnetic field H interacts with electron spins via two process. The first one

is Zeeman effect. An electron spin in a magnetic field has energy
E=gupH-S=2ugH-S (2.52)

Since a Cooper pair contains an electron with spin 1/2 and the other one with spin -1/2,
between these two electrons, the external magnetic field will lead to an energy difference as
2upH. If we consider this Zeeman effect as the only interaction between external field and the
Cooper pairs, since the energy of 2A = 3.53kpT, is needed to break one Cooper pair, we get

the relation [118]:
Hyquii = 1.84T,(Tesla) (2.53)

where Hp,y; is called Pauli limiting field. It was pointed out that the Zeeman interaction can
affect H.o significantly when the field is larger than 5 Tesla [71, 118].

Since the Zeeman energy can be significantly increased by the spin-orbit interaction, this
interaction is the other effect caused by electron spin which can not be ignored [119, 120].
The calculation in [72] showed that the spin-orbit interaction can reduce the effect of Zeeman
interaction in limiting Ho.

Fig. 2.10 [72] shows the schematic plot of the magnetic field dependent free energy in the

superconducting and normal state. The red curves are the free energy of the normal state
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Figure 2.10 The schematic plot of the free energies of superconducting and
normal states [72]

without counting Zeeman effect (AC curve) and with Zeeman effect (ALJ curve). Zeeman
effect reduces the free energy of the normal state. The green curve (DEB curve) represents the
type I superconductor. The intersection "B” of the green curve with the red curve AC gives
the traditional thermodynamic critical field H.. The black curves are the free energy of type
IT superconductor. The DEC curve is the free energy without spin effect, DMJ and DGJ are
the two situations with spin effect. Points F, G, J and C indicate a second phase transition
there while points M, L, B, K indicate first order phase transition.

In WHH theory, it is assumed the transition is a second order phase transition. Fig. 2.11
shows the normalized upper critical field A* vs. the normalized superconducting temperature

t = T/T., where h* is expressed as

. dH., N
h (t) - - 0272’15:17 HcQ =—-h Tc

dH, c2
dT

. (2.54)

The calculation shown in Fig. 2.11 (a) does not include spin effects and thus is applicable for

materials with H. smaller than 5 Tesla. A is defined as

1
- onTLT

= 0.882¢/1 (2.55)
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Therefore, the A = 0 curve is the Heo curve in the clean limit, A*(0) = 0.727; A = oo curve is

the Heo curve in the dirty limit, ~*(0) = 0.693. Bringing these numbers into eq. 2.54, we get
the WHH formula,

dH,

Hey = 06937, 2|z, dirty limit (2:56)
dH

H. = _(),727Tcd7]f2|Tc, clean limit (2.57)

Fig. 2.11 (b) shows the experimental H.o data for Tip56Nbg.44 and the theoretical calculation
including the spin effects in dirty limit. o = 0 where there is no Zeeman effect included. A =0
when there is no spin-orbit interaction. It can be seen that the H.y is the highest without
considering any spin effects, it becomes smaller with accounting both Zeeman effect and spin-
orbit effect, it is reduced to the smallest when only Zeeman effect is included. The curve which

includes both spin effects fits the experimental data the best.
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Figure 2.11 (a) Normalized upper critical field h* vs. the normalized super-
conducting temperature ¢ without spin effects [71]. (b) Nor-
malized upper critical field A* vs. the normalized supercon-
ducting temperature ¢ with spin effects [72].
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CHAPTER 3. Experimental methods

3.1 Crystal growth

Although novel materials are often discovered and preliminarily characterized in polycrys-
talline form, high quality single crystals are essential for advanced scientific research due to
their special advantages. First, since a single crystal has only one boundary and the impurity
phases often exist between the grain boundaries, a single crystal often has substantially lower
impurities and, in addition, often suffers less strain compared to a polycrystal. Secondly, for
many measurement techniques, high purity single crystalline samples are critical. For example,
de Haas - van Alphen (dHvA) measurements, which can provide information about Fermi sur-
face topology and effective mass of the electrons, require single crystalline samples with high
purity and low residual resistance. A single crystal also has sizable, atomically ordered surfaces,
which are vital for surface sensitive measurements. For example, angle resolved photoemission
spectroscopy (ARPES), which provides direct information about Fermi surface, gap size and
symmetry, can only be made on a perfectly cleaved surface, which can only exist in a single
crystalline sample. Third, but not the least, a single crystal has a well-defined orientation.
This is important for all anisotropic measurements.

Many techniques have been developed to grow single crystalline samples. These techniques
can be classified into melt growth methods, vapor growth methods and solution growth meth-
ods [121, 122, 123]. Melt growth processes such as Bridgman, Czochralski and floating zone
methods are widely used in the semiconductor industry to produce large single crystalline Si
and Ge semiconductors. However, melt growth methods require the composition of the melt
to be the same, or very similar, to that of the expected product. This limits the application

of these methods to congruently or near-congruently melting compounds. Vapor transport
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growth methods often result in very high purity, small single crystals, but require the existence
of volatile phases of all the components as well as a transport agent (if self transport is not
possible). The high temperature solution growth method is widely used and recognized as a
powerful technique for obtaining single crystals of complex materials. It is a viable technique
for both congruently and incongruently melting materials and can be used to control high
vapor pressures of constituent elements. The samples presented in this thesis were all grown

using a high temperature solution growth method.

3.1.1 High temperature solution growth method

In high temperature solution growth, several factors should be considered carefully: solvent,
initial concentrations, cooling rate and decanting temperature [124, 125, 126].

A solvent that has a relatively low melting temperature and offers good solubility for the
other components in the growth is vital for successful single crystal synthesis via solution
growth. The solvent used in high-temperature solution growth is also called ”flux”. Flux can
be classified into two types: one is self flux, the excess of one or more constituent elements of
the desired compound is used as the solvent; the other one is non-self-flux which introduces
elements other than the ones in the desired compound to act as a solvent. It is often preferable
to use a self flux since it does not introduce any other elements into the melt, and thus no other
element can enter into the desired single crystal, and the number of possible undesired phases
can also be reduced. However, it is not always practical to use self flux because the self flux
may have too high of a melting temperature, one that exceeds the working temperatures of
ampules or furnaces, or too high of a vapor pressure which will lead to loss of stichometry in the
resulted single crystals or even possible explosion. For example, from the Ce-Sb binary phase
diagrams, it can be seen if we want to grow CeSb single crystal, we need at least 1500° C to
access a liquidus line for CeSb [127]. This temperature is higher than the softening temperature
of silica tube and may exceed the maximum furnace temperature. Even if we try to manage it
with tantalum tube and use a high temperature furnace, the resulting crystals can have a lot

of defects due to entropic effects enhanced by the high growth temperature [124]. Therefore, in
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many situations, a non-self-flux is used [124, 128]. There are some empirical rules for selecting
flux : low vapor pressure, high solubility for the constituent elements, compatibility with the
crucibles, cheap and non-toxic, etc. For intermetallic compounds, Zn, Al, Ga, In, Ge, Sn, Pb,
Sb and Bi are often used as flux (Sn was used for CeSb single crystal growth).

At high temperatures, all the constituent elements are dissolved in the flux and form
a uniform solution. As the temperature decreases, the solubility of the target compound
decreases, the desired compound starts to precipitate out of the solution (ideally in single
crystal form) below a critical temperature. As the temperature continuously decreases at
a constant and slow rate, crystals grow. The sample size depends on the number of the
nucleation sites and the cooling rate; often, the slower the cooling, the larger the crystal.
Another advantage of a slow cooling rate is that crystals relatively free of strains can be grown
[124, 125, 126]. Once the crystals are grown, they can be separated from the remaining liquid
flux by decanting the liquid using a centrifuge. It is important to carefully choose the decanting
temperature. It should be high enough so that no impurity phases exist and the flux is still
liquid; on the other hand, it should be low enough so that the desired crystal has as large of a
temperature window to grow in as possible. If there is a little flux left on the sample surface,

it can either be etched by an appropriate acid / base or mechanically polished / cleaved.
3.1.2 Single crystal growth of Ba(Fe,  TM,)2As, (TM = Co, Ni, Cu, Cu / Co, Rh
and Pd)
Single crystals of pure and doped BaFesAsy can be grown using a conventional, high tem-
perature solution technique. Both Sn-flux and FeAs-self-flux can be used.
3.1.2.1 Single crystals grown from Sn flux

The first sizable single crystals of FeAs-based compounds were Baj_ K Fe,Asy (x =0, 0.45)
grown in our group using Sn as flux [25]. Later on SrFesAss [129] and CaFeyAss [130], were

also successfully grown from Sn flux.
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Binary phase diagram (a) As-Sn [131]. (b) Ba-Sn [132]. (c)
Fe-Sn [133]. (d) As-Fe [134].
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Fig. 3.1 (a), (b) and (c) show the binary phase diagrams of As-Sn, Ba-Sn and Fe-Sn
respectively [131, 132, 133]. They indicate that there is fair solubility of dilute Ba and Fe in
Sn solvent as well as essentially full solubility of As in Sn solvent. In addition, given Sn’s low
melting point, we do not need to heat the system to a very high temperature; the decanting
temperature can be chosen to be relatively low because the binary impurities only exist at low
temperatures, therefore a large temperature window for the single crystals to form in exists.
We grew single crystals of BaFeaAsy during our first trial. After several further trials, the

optimal procedure to grow BaFesAsy was fixed.

silica tube ™~
, crucible
. /
i L | |/
S/ _, elements
silica wool | and powder

Figure 3.2 Diagram of the ampoule used for crystal growth (see text)

Elemental Ba, Fe and As and Sn were loaded in a 2 ml MgO crucible according to the ratio
of (Ba:2Fe:2As) : Sn =1 : 48. Sn was placed on the top of the other elements since it will melt
first with increasing temperature. A second, catch, crucible containing silica wool was placed
on top of the growth crucible and both were sealed in a silica ampoule under approximately 1/3
atmosphere of Ar gas. The assembled ampoule is shown schematically in Fig. 3.2. It should
be noted that the packing and assembly of the growth ampoule were performed in a glove
box with one atmosphere of Ny gas since barium is highly air sensitive. The sealed ampoule
was placed in a programmable furnace and heated from room temperature to 600° C at a rate

of 100° C/hour, dwelled for 1 hour so that the As could be completely incorporated into the
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melt. Then the ampoule was continuously heated up to 1000° C at a rate of 100° C/hour,
stayed at 1000° C for 2 hours so that the liquid mixed completely, and then cooled over 36
hours to 500 ° C. Once the furnace reached 500 ° C the liquid was decanted from the resulted
BaFegAss crystals. The little Sn flux left on the surface of the single crystals can be quickly
etched by concentrated HCI acid for one minute and then rinsed with water and then ethanol.
The resulted single crystal can be as big as 3 x 3 x 0.2mm3. Fig. 3.3 (a) shows a picture of a
single crystal of BaFeaAsy grown from Sn flux against a 1mm scale. The as-grown flat surface

is the ab plane. The sample also has clear [100] edges.

@ (b)

Figure 3.3 (a) Single crystal of BaFesAsy grown from Sn flux against 1mm
scale. (b) Single crystal of Ba(Fe g95C00.074)2As2 grown from
self flux against 1mm scale.

3.1.2.2 Single crystals of Ba(Fe;_yTMy)2Ase grown from self flux

After the development of Sn-flux growth, it was found that single crystals of BaFesAso
(and other 122 compounds) can be grown from a self flux of FeAs [26]. Although this is a more
difficult process, it leads to larger crystals and allows for homogenous TM doping. Fig. 3.1
(d) shows the binary Fe-As phase diagram [134]; FeAs melts above 1030° C. In this paper, all
the doped Ba(Fe;_,TM;)2Asy (TM = Co, Ni, Cu, Co / Cu, Rh and Pd) were grown from a

FeAs self flux.
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TMAs was used as flux (and dopant). It was synthesized by a conventional solid state
reaction method. Commercial transition metal powders and As were weighed according to the
atomic ratio TM : As = 1.05 : 1 and mixed thoroughly in a motor and pestle. Pellets, about
10 mm in diameter and 3 to 5 mm thick, were pressed under a pressure of 5 tons. All of
the above operations were performed in a glove box with one atmosphere of Ny gas to ensure
safety. The pellets were then sealed in an evacuated silica tube and back filled with ~ 1/3
atmosphere of Ar gas. The ampoule was heated to 580°C and dwelled for 15 hours. Sometimes
further heat treatment at 900°C for 15 hours was necessary in order to obtain single phase
TMAs. Since As sublimates at ~ 600°C, it is necessary to ensure that there is a secondary
safeguard in place which can accommodate the reactants in the event of a failure (explosion)
of the silica ampoule. Since the alloy Haynes 230 can work in air in the temperature range of
500°C to 1000°, a Haynes 230 tube with 1 inch diameter and 0.060 inch thick walls is used as
the double ended retort. The retort passes through the tube furnace and gets water cooled at
both ends. Due to the fact that the volume of this retort is only about 0.25 liter, an expansion
volume of approximately 2 liters is also placed on one end. Nj is flowing through the retort
and up to the exhaust system during operation. The flowing Ny carries any poisonous vapor
to the exhaust system and also prevents possible oxidization of starting elements.

For Ba(Fe;_,TM;)2Aso(TM = Co, Ni), small Ba chunks and FeAs/TMAs powders were
mixed together according to the ratio Ba : FeAs: TMAs = 1: (4 — z) : . The mixture was
placed into an alumina crucible with a second ”catch” crucible containing silica wool placed on
top. Both crucibles were sealed in a silica tube under a 1/3, partial atmosphere, of Ar gas. To
minimize attack on the crucible, a 50° C/hour heating rate was used. The sealed silica tube
was heated up to 1180 °C, held at 1180 °C for 5 to 8 hours, and then cooled to 1000 °C over
35 to 50 hours. Once the furnace reached 1000 °C, the excess liquid was decanted from the
plate-like single crystals shown in Fig. 3.3 (b). The plate-like single crystals can be very easily
cut or exfoliated. Although the plate itself is perpendicular to the crystallographic c-axis, it
does not have clear [100] edges. This is different from the crystals grown out of Sn flux which

has clear edges [25, 129, 130]. The dimension of the single crystals grown out of FeAs flux can
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exceed to 12 x 8 x 0.8mm3. For Ba(Fe, ,TM,)2Asy (TM = Rh, Pd), the procedure described
above was used except the decanting temperature was 1050 °C instead of 1000 °C.

For Ba(Fe, _,TM,)2Asy (TM = Cu, Co / Cu), small pieces of Cu shot were used to intro-
duce the dopant because no CuAs compound is known to exist. For Cu doped BaFesAss,
small Ba chunks, FeAs powder and Cu shot were mixed together according to the ratio
Ba : FeAs : Cu=1: 4 : m. The nominal concentration Z,omina can be calculated as
Cu/(CutFe)=m/(4+ m). For Ba(Fe; _, ,CoyCuy)2Asy (x ~ 0.022), small Ba chunks, FeAs,
CoAs powder and Cu shot were mixed together according to the ratio Ba : FeAs : CoAs :
Cu=1:3.88:0.12: m. For Ba(Fe, , , Co,Cuy)2Asy (z ~ 0.047), Ba : FeAs: CoAs: Cu =
1: 3.75: 0.25 : m. The packing and the temperature program are the same as what we used
for Ba(Fe;_,TM,)2Asy (TM = Co, Ni).

The nominal z, y values as well as the measured (via wavelength dispersive spectroscopy,
see section 3.2.2 below) z, y values of the Ba(Fe, _,TM;)2Asy (TM = Co, Ni, Cu, Cu / Co,
Rh and Pd) series, are summarized in Tables 3.1 and 3.2. The samples were carefully cleaved
and cut into several pieces. Elemental analysis was performed on up to 5 pieces of samples in
each batch. N is the total number of spots measured in one batch. Although we did not make
enormous WDS measurements on all the batches, we do have more than 20 spots measured
for some batches so that we can have a better statistics. Tnominai a0d Ynominar are the nominal
doping concentrations. xwps and yw ps are the average values of the N measurements for a
given batch. 20 is twice the standard deviation of the N values measured in one batch, which
is taken as the compositional error bar for this thesis. The 2¢ error bars, for all the spots
measured in one batch over multiple layers are < 10% of the average x values. These results
further demonstrate the relative homogeneity of the Ba(Fe, _,TM,)2As, series.

In contrast, in reference [25], we have shown that (Ba;_yKy)FeaAss grown out of Sn flux
had a distribution of K concentration from 0.36 to 0.53 in one sample, which is roughly +30%
of the average concentration. In addition in reference [28], (Baj_xKy)FeaAsy grown out of

FeAs flux has a T, of 25 K for the outer layer of one piece and 32.7 K for the inner layer of
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Ba(Fe;_,Coyz)2Asy

N 8 8 7 9 7 6 10 ) ) 9
Tnominal 0.0125  0.025  0.05  0.0625 0.075 0.1 0.125 0.15 0.17 0.20
TWDS 0.013 0.02 0.038 0.047 0.058 0.074 0.10 0.114 0.135 0.166

20 0.001 0.001 0.002 0.002 0.002 0.003 0.002 0.004 0.002 0.003

Ba(Fe;_,Ni;)2Asy

N 18 10 44 18 11 12 28
Tnominal ~ 0.01 0.02 0.03 0.04 0.05 0.07 0.09
zwps  0.0067 0.016 0.024 0.032 0.046 0.0564 0.072
20 0.001 0.002 0.002 0.003 0.002 0.002 0.004

Ba(Fe;_,Rh;)2Aso

N 16 16 18 15 20 34 33 20
Tnominal  0.025  0.05 0.07 0.1 0.125 0.15 0.18 0.22
TWDS 0.012 0.026 0.039 0.0567 0.076 0.096 0.131 0.171

20 0.001 0.001 0.002 0.003 0.004 0.006 0.005 0.002

Ba(Fe,_,Pd;)2Asy

N 18 8 52 6 6 12 14 52

Tnominal 0.0125  0.025 0.0325  0.04 0.05 0.0625 0.085 0.1
TWDS 0.012 0.021 0.027 0.030 0.043 0.053 0.067 0.077
20 0.001 0.002 0.003 0.002 0.001 0.002 0.002 0.005

Table 3.1 The elemental analysis data for Ba(Fe, _,TM;)2Asy (TM = Co,
Ni, Rh, Pd) series.

the same piece, indicating a large inhomogeneity in this growth.

Fig. 3.4 shows a graphic summary of the measured doping concentration vs. nominal
doping concentration for all doped series. From Fig. 3.4 (a) to Fig. 3.4 (d), it can be clearly
seen that xy pg roughly linearly increases with the nominal doping concentration for the Co,
Ni, Rh, Pd doped Bal22 samples we grew. The data can be fit by a line; the ratio of the

measured Co concentration over the nominal Co concentration is roughly 0.74. This ratio
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Ba(Fe;_,Cuy)2Asy

N 16 11 17 26 12 16
Tnominal ~ 0.009 0.012 0.022 0.024 0.027 0.029
TWDS 0.0077 0.02 0.026 0.035 0.044 0.05
20 0.002 0.002 0.002 0.004 0.002 0.002

N 43 12 10 8 17 23
Tnominal ~ 0.034 0.038 0.061 0.101 0.20 0.429
TWDS 0.061  0.068 0.092 0.165 0.288 0.356
20 0.002  0.002 0.008 0.02 0.02 0.02

Ba(Fe, , ,Co,Cuy)oAsy (x ~ 0.022)

N 18 12 20 30 20 20 28
TWDS 0.024  0.024 0.022 0.022 0.021 0.021 0.021

20 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Ynominal 0 0.0035 0.0074 0.012 0.017 0.022 0.034
YwDS 0 0.005 0.01 0.019 0.026 0.032 0.043

20 0 0.002  0.002 0.003 0.004 0.003 0.004

Ba(Fe, , ,Co,Cuy)oAsy  (x ~ 0.047)

N 7 8 37 36 7 41
TWDS 0.047  0.047 0.051 0.047 0.045 0.045

20 0.002  0.002 0.003 0.002 0.002 0.002
Ynominal 0 0.0025 0.012 0.022 0.029 0.036
YwDS 0 0.0045 0.019 0.034 0.046 0.058

20 0 0.001  0.002 0.004 0.004 0.006

Table 3.2 The elemental analysis data for Ba(Fe,_,TM;)2Asy (TM=Cu,
Co / Cu mixture) series.

is 0.80 for Ni doping, 0.67 for Rh doping and 0.77 for Pd doping. Fig. 3.4 (e) summarizes
the measured Cu concentration vs. nominal Cu concentration in all Ba(Fe,_,Cu,)2Ass and
Ba(Fe, , ,Co,Cuy)2Asy (z ~ 0.022 and z ~ 0.047) growths. Even though these are different
series, all the data points collapse on the same curve. The measured Cu concentration is
roughly 1.6 times the nominal Cu concentration in the low doping range.

For large Cu doping values, the ratio of WDS measured Cu concentration over nominal Cu
concentration decreases and the zy pg value saturates around 0.35 in Ba(Fe,__ Cu,)2Asy as

shown in Fig. 3.4 (f). This could be due to the increase of TM:As ratio as 2™ increases.



46

Itis 1.4 : 1 when ac’g’umm“l:OA and 1.6 : 1 when x’é%mm“l:()ﬁ, which are much larger than the
value of 1: 1. For a comparison, we can see in Fig. 3.4 (f) that Ba(Fe,__ Co,)2Asy series does

not saturate in all Ba(Fe, _, Co,)2Asy growths.
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Figure 3.4 The graphic summary of the results from the elemental analysis
for the Ba(Fe,_,TM;)2Asy (TM = Co, Ni, Rh, Pd, Cu, Cu /
Co) series.

3.2 Measurement methods

3.2.1 X-ray diffraction measurements

To check whether impurity phases are present in the samples and determine the lattice
parameters, powder X-ray diffraction measurements were performed at room temperature using
a Rigaku Miniflex diffractometer with Cu K, radiation. Si powder, with lattice parameter
a=5.4301 A was used as an internal standard. Diffraction patterns were taken on the mixture

of Si powder and ground single crystals from each batch. The average difference between the
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expected and experimental Si peak positions were used to estimate the slight, instrumental
zero shift for each run. From powder X-ray measurements, no detectable impurities were found
in any of the compounds grown from self flux. There are small impurity peaks from excess Sn
for the compounds grown from Sn flux. The unit cell parameters were refined by ” UnitCell”
software. Error bars were taken as twice the standard deviation, o, which was obtained from

the refinements by the ” Unitcell” software.
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Figure 3.5 Powder X-ray patterns for pure and doped BaFesAss. Si is
added as an internal standard.

Fig. 3.5 shows the powder X-ray diffraction patterns for BaFesAsy, Ba(Fe 4,4Cug.356)2As2,
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Ba(Fe g09Rho.171)2As82, Ba(Fe g93Pd0.077)2As2, Ba(Fe| 905 Nig.o72)2As2, Ba(Fe|, ¢54C00.114)2A52
and Ba(Feg 4345C00.047Cu0.058)2As2 respectively. No impurity phases can be detected in any
of these batches. Since Ba(Fe 4,,Cug.356)2As2 has the highest doping concentration among
all series, and Rh and Pd have much larger atomic radii than Fe, the lattice parameters
for these three dopings have the largest changes. We do see the combined Si, 213 and 008
peaks around 56° in pure BaFesAs, splits into three peaks which are indicated by arrows
in Ba(Feg 44Cuo.356)2As2, Ba(Fe go9Rho.171)2As2 and Ba(Fe; go3Pdo.077)2As2. This is a clear

evidence that the transition metals are incorporated into the crystallographic lattice.

3.2.2 Wave-length dispersive spectroscopy

Given the nature of solution growth, the nominal concentration of a dopant does not have
to be the actual concentration in a grown crystal. In addition, given the difficulties associated
with K homogeneity [25, 28|, determining how homogeneous the TM doped samples are is
important. Elemental analysis of the Ba(Fe, _ TM;)2As, samples was performed to directly get
the doping concentration of the samples using wavelength dispersive X-ray spectroscopy (WDS)
in the electron probe microanalyzer of a JEOL JXA-8200 electron-microprobe. In the WDS
measurement, an electron beam with sufficient energy (20 kV is used in our measurements)
is incident on the sample surface and interacts with the atoms in the sample. Characteristic
X-ray can be produced in this process. Since the characteristic X-ray is unique for each
element, its energy can be used to identify the elements present in the sample and its intensity
can be used for quantitative elemental analysis. WDS measurements were performed for all
the batches, especially on the pieces which were used to make the resistivity, magnetization
and heat capacity measurements. For those pieces, the samples were carefully exfoliated and
cut into several pieces. WDS measurements were made on each piece and up to five pieces of
samples were measured in each batch. The average doping values measured at several locations
on the sample from wavelength dispersive X-ray spectroscopy (WDS) measurement, zypg and

ywbDs, were used in this thesis as x and y rather than z,,omina and Ynominai-
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3.2.3 Resistivity measurement
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Figure 3.6 (a) Temperature-dependent electrical resistivity of three sam-
ples of Ba(Fep962Co00.038)2As2. (b) Temperature-dependent
electrical resistivity of three samples of Ba(Fe 962Co00.038)2As2
normalized to their room temperature respective slopes:
p(T)/(dp/dT)|s00k- (c) The same data as (b) with upper curve
shifted down by 85.7 K and intermediate curve shifted down
by 28 K to account for differences in temperature independent,
residual resistivity.

The temperature dependent AC resistivity measurements in zero magnetic field were per-
formed in either Quantum Design (QD) Magnetic Properties Measurement System (MPMS)
using a Linear Rearch LR-700 AC resistance bridge ( f = 16 Hz, I = 3 mA ) or in the QD
Physical Properties Measurement System (PPMS) using the AC transport (ACT) option ( f
=16 Hz, I = 3 mA ). In some cases, the He-3 option in the QD-PPMS was employed to
measure down to 0.4 K, but for most of the measurements the temperature range used was

from 2 K to 300 K. The outer layers of plate-like samples were cleaved and the inner layers of
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the samples were cut into rectangular resistivity bars with typical cross section 0.1 x 0.5mm?
with the distance between the voltage contacts being roughly 1.5mm. Pt wires were attached
to the resistivity bar by Epotek H20E silver epoxy in a standard AC four-probe configuration.
They were cured at 100° C for 30 minutes. Typical contact resistance was between 1 €2 and
3 Q. The current flow was in ab plane, i. e., perpendicular to the ¢ axis. The temperature
dependent AC electrical transport measurements in magnetic field up to 7 T were collected in
a7 T - MPMS using a Linear Rearch LR-700 AC resistance bridge ( f = 16 Hz, I =3 mA).

The field-dependent DC resistivity measurements in 35 T or 33 T resistive magnets down to
2 K were performed in the National High Magnetic Field Laboratory in Tallahassee, FL. Two
samples with the same doping concentration were run for both H||c with H perpendicular to
the basel plane and H 1 ¢ with H parallel to the basal plane. The zero field T, values measured
inside MPMS or PPMS were used as a correction for slight temperature offsets associated with
the resistive probe used at the NHMFL. These shifts were at most 10% of T, and significantly
smaller than 10% of T, for most runs.

The pure and doped BaFesAss single crystals are very easy to be exfoliated or crack and this
leads to the potential for uncertainty of the geometric factors when we infer the value of resistiv-
ity. Fig. 3.6 (a) shows the resistivity data obtained from three pieces of Ba(Feg 926Co00.074)2Aso.
As it can be seen these plots vary significantly. If, on the other hand, we plot resistivity normal-
ized to the room-temperature slopes, (dp/dT)|300x, which can compensate for the uncertainty
of the geometric factors, the resistivity plots of these three samples become parallel to each
other as shown in Fig. 3.6 (b), indicating the same transport behavior in these samples except
the slight different residue resistances, which is further confirmed in Fig. 3.6 (c). These data
(and analysis) are consistent with the hypothesis that cracks / splits give rise to a poorly

controlled, internal geometry. Therefore, in this thesis, p(T")/pso0, instead of p(T') is used.

3.2.4 Magnetization measurement

Magnetization measurements from 2 K to 300 K were made using either a 5.5 T QD-

MPMS or 7 T QD-MPMS. Due to the weak magnetic signal at the normal state (normally
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M/H ~ 10~*emu/mole) for these samples, 10 mg to 30 mg of samples were used. For super-
conducting samples, to diminish the remanent field, a demagnetization sequence, 0T — 4T —
—4T — 2T — 2T — 1mT — —1mT — 0T, was used before the low field measurement.
Zero-field-cooled (ZFC) and field-cooled (FC) magnetization data were then taken at 2.5 mT
with H 1c near and below the superconducting temperature, so that rough estimation of the

superconducting volume fraction could be made.

3.2.5 Specific heat measurement

Temperature dependent heat capacity data (H = 0 T and 9 T) were collected using the
heat capacity option in a 9 T QD-PPMS system down to 2 K; the He-3 option in the QD-PPMS
system allowed us to measure down to 0.4 K when necessary. The outer layers of the samples
were cleaved and the remaining sample was cut to typical 2 x 2mm? with mass between 5 mg
to 15 mg. The samples were attached to the heat capacity platform with a thin layer Apiezon
N grease. The sample chamber was pumped down to 0.01 mTorr to minimize the thermal
contact with the environment.

The heat capacity option in QD-PPMS uses a relaxation technique. During each mea-
surement, a known amount of heat is applied at a constant power for a fixed time (heating
process); this is followed by a cooling time of the same duration. After each measurement
cycle (a heating process and a cooling process), the heat capacity values can be obtained by
fitting the entire temperature response of the sample platform to a model which includes both
thermal relaxation of the sample platform to the bath temperature and the thermal relaxation

between the platform and sample itself.

3.2.6 Signatures of structural, antiferromagnetic and superconducting phase tran-

sitions in transport and thermodynamic measurements

Characteristic signatures of structural, antiferromagnetic and superconducting phase tran-
sitions manifesting in resistivity, magnetization and heat capacity measurements near the tran-

sition temperatures are shown in Fig. 3.7.
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Figure 3.7 Characteristic signatures in resistivity, magnetization and heat
capacity measurements near the transition temperature of a (a)
antiferromagnetic phase transition. (b) structural phase tran-
sition. (c) superconducting phase transition.

Typical signatures of a second order antiferromagnetic phase transition are presented in
Fig. 3.7 (a). Due to the loss of spin disorder scattering, a drop in resistivity can be observed.
A decrease in the temperature dependent susceptibility caused by the long range antiferromag-
netic ordering leads to a relatively sharp feature in the magnetization. A ”\” peak indicating
a second order phase transition can be detected in the heat capacity measurement. The an-
tiferromagnetic transition temperature, Ty, can be directly inferred from the peak in C), as
shown in Fig. 3.7 (a), or from the peaks in d(MT)/dT and d(p)/dT, which have been proved
to be proportional to the heat capacity singularity near Ty by M. E. Fisher [135, 136].

A structural phase transition often leads to a decrease of density of states at Fermi level,
D(Ey), a particularly clear example of this is a charge density wave, which can partially gap
part of the Fermi surface. A compound undergoing such a structural phase transition will
manifest: an abrupt upturn in resistivity due to the decrease in the conduction electrons,
a decrease in the Pauli susceptibility associated with the decrease of D(Ey), and a peak in

specific heat indicating the occurrence of a phase transition, as shown in Fig. 3.7 (b). The
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structural phase transition temperature, Ts, can be inferred from the peaks of dp/dT", dM /dT
and C).

Fig. 3.7 (c) presents the features associated with the superconducting phase transition. Due
to the characteristics of a superconductor which we have discussed in Chapter 2, a compound
undergoing a superconducting transition will manifest zero resistivity, large diamagnetism in
the field-cooled measurement and a specific heat jump, which is 1.43~7T, for a BCS supercon-
ductor. The general criteria to infer superconducting temperature, 7., are shown in Fig. 3.7

(c) as well.
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CHAPTER 4. Physical properties of BaFe;As,; single crystals

4.1 Introduction

Since the focus of this thesis is the effects of transition metal doping (TM=Co, Ni, Cu,
Co /Cu mixture, Rh and Pd) on BaFeyAss single crystals, before outlining the results of our
doping studies, I will first focus on the physical properties of BaFeyAsy single crystals grown

from both FeAs flux and Sn flux.

4.2 Results and discussion

4.2.1 Single crystalline BaFeaAss grown from FeAs flux

Single crystals of BaFeaAsg can be grown from excess FeAs solution (see chapter 3). Fig. 4.1
(a) shows the normalized, temperature dependent, in-plane resistivity, po(7)/pa(300K), where
the current flows through ab plane. As the temperature decreases, the resistivity decreases
with a smaller slope above T /,,, and a larger slope below T} ,,,. Comparing with polycrystalline
samples (see Fig. 1.3 (a)) [40], there is a clear, gradual drop in resistance upon cooling from
room-temperature to ~ 140 K and there is a much sharper resistivity drop at 7 /,,. The upper
left inset in Fig. 4.1 (a) shows the temperature derivative of the normalized resistivity, a clear
kink associated with a sudden slope change in resistivity can be observed at 134 K, the criterion
to determine Ty, is shown. RRR, p(300K)/p(2K), of this single crystal is around 2.5, which
is comparable to the values of BaFesAss single crystals grown from FeAs flux in other groups

[26, 30], but is smaller than 6, the one in polycrystalline BaFegAsy (see Fig. 1.3 (a)) [40].
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Figure 4.1 Single crystalline BaFesAsy grown from FeAs flux: (a) Nor-

malized in-plane resistivity pq(7")/pa(300K) vs.

T. Inset:

d(pa(T)/pa(300K))/dT vs. T near the phase transition (up-
per left); anisotropic parameter v, = p./pq [53] (lower right).
(b) M vs. H taken at 5 K and 300 K with Hlec. (¢) M/H
vs. T taken at 1 T with H||c and HLlc. (d) Cp vs. T. Inset:
enlarged C, vs. T near the phase transition.
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The anisotropic parameter [53] defined as the ratio of the out-of-plane resistivity over the
in-plane resistivity, v, = p¢/pa, is shown in the lower right inset of Fig. 4.1 (a). With increasing
temperature, 7, manifests a slow increase below T /,,, a sharp upturn near 7/, and a slow
decrease above Ty ,. Considering the error bars, v, of BaFesAsy at room temperature ranges
from 2 to 6. Resistivity measurements for 5 pieces of BaFeyAsy single crystals presented in
reference [53] give the value of 260 £ 55 u) e¢m for the in-plane p,(300K) and 1760 + 1310
€ ecm for the out-of-plane p.(300K), which are comparable to 1200 pf2 em inferred from the
polycrystalline samples.

The field dependent magnetization measurement up to 5 T taken at 5 K and 300 K with H
perpendicular to ¢ axis is shown in Fig. 4.1 (b). The temperature dependent M/H at H =1T
with the magnetic field applying along ¢ axis and perpendicular to ¢ axis is presented in Fig. 4.1
(c). No Curie-tail type feature, which was seen in polycrystalline BaFeyAs, at low temperatures
(see Fig. 1.3 (a)) [40], can be observed in single crystalline BaFeaAsy grown from FeAs flux. The
data from 4.1 (b) and (c) demonstrate the non-existence of moment bearing and ferromagnetic
impurities. Comparing to polycrystalline samples, the susceptibility manifests a clear and
sudden drop in susceptibility at T§,,,. An almost T-linear behavior of the susceptibility can
be observed for both directions with the same slope above the structural / magnetic phase
transition temperature. At room temperature, M/H is around 5 x 1074 emu /mole when H is
along c axis whereas it is about 9 x 10™* emu/mole when H is perpendicular to ¢ axis. This
fact leads to the magnetic anisotropy, M=*¢ /M lle around 1.8, which is comparable to the value
of 1.5 with (M/H)*¢ around 12 x 10~* emu/mole and (M/H)!° around 8 x 10~* emu/mole
in reference [26].

The temperature dependent heat capacity data are presented in Fig. 4.1 (d). Compar-
ing with polycrystalline samples (see Fig. 1.3 (c)) [40], a much sharper and narrower peak
associated with the structural / magnetic phase transition is observed as shown in the inset.

FeAs-self flux grown single crystals manifest clearer features of the structural / magnetic
phase transitions at T/, = 134 K than the ones shown in polycrystalline samples. In addition

the resistive and magnetic anisotropies are measured. These data will serve as a base line for
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4.2.2 Single crystalline BaFeaAss grown from Sn flux

The first single crystals of BaFeoAsy were grown out of Sn flux in our group using conven-
tional high temperature solution growth method [25]. Although Sn was a particularly simple
flux to use, it resulted in slight Sn doping. Elemental analysis gave a Ba : Fe : As ratio of 1:2:2
with approximately 1% Sn, which is not surface Sn simply associated with small amounts of
residual flux, but rather Sn that has been incorporated into the BaFes Ass lattice. In reference
[25], it was suggested from WDS measurement that Sn likely was substituted for As sites,
however, it was latter found from single crystal X-ray measurements that Sn was substituted
for Ba sites [137, 138].

The temperature dependent resistivity data for single crystalline BaFes Ase grown from Sn
flux with current flowing through ab plane is shown in Fig. 4.2(a). It shows a different shape
of resistivity compared to the ones of polycrystalline samples and single crystals grown from
FeAs flux. For 90 K< T <300 K, the resistivity is weakly temperature dependent. p(300K) is
around 1000 pf2 ¢m which is almost 4 times larger than the in-plane resistivity of BaFesAss
grown from FeAs flux; as the sample is cooled below ~ 85 K the resistivity increases rapidly
rather than decreasing, and at 4 K the resistivity reaches 1200 uf2 ¢m, which is approximately
50% larger than it is at 90 K. The application of a 7 T magnetic field perpendicular to the
c-axis has no effect on the T ~ 85 K phase transition and only the smallest effect on the T' < 10
K resistivity.

Temperature dependent M/H data taken at 0.1 T with H applying along ¢ axis and per-
pendicular to ¢ axis are presented in Fig. 4.2(b). A Curie-Weiss like behavior can be observed
in the whole temperature range, which is quite different from those of the polycrystalline sam-
ples and single crystals grown from FeAs flux. The magnitude of the M (T)/H data from the
Sn-grown sample is almost one order larger than the ones measured in polycrystalline sam-
ples and single crystals grown from FeAs flux. Near room temperature the sample is close to

isotropic, but below ~ 85 K there is a larger anisotropy with x|, < x1.. A small kink around
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Figure 4.2 Single crystalline BaFeyAsy grown from Sn flux: (a) Tempera-

ture dependent in-plane electrical resistivity taken at 0 and 7
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85 K can be better seen in the x| data, there is a clear break in slope in the x . data near
this temperature as well.

The temperature dependent C, data for Sn-grown BaFepAsy are shown in Fig. 4.2(c).
There is a broad feature near 85 K which is consistent with the resistivity and magnetization
measurements. This feature in heat capacity is different from the very sharp peak around 134
K observed in the polycrystal as well as single crystals from FeAs flux.

The resistivity, magnetization and specific heat data shown in Fig. 4.2(a), (b) and (c)
manifest a feature near 85 K which is quite different from the feature associated with the 140
K transition reported for the polycrystalline samples of BaFesAsg [23]. Given that these single
crystals have been grown out of excess Sn, appear to have a small, but detectable amount of
Sn incorporated into their bulk, and show a slightly expanded c-axis at room temperature,
it is plausible that the changes that we have found are another manifestation of the fact
that this transition is very sensitive to small changes in stoichiometery, band filling and / or
lattice parameter. To answer the question whether the nature of the 85 K transition in these
crystals is similar to the structural phase transition that was found in pure BaFeyAs, samples,
temperature dependent single crystal X-ray diffraction data were collected on BaFesAs,. Fig.
4.2(d) plots the temperature dependence of the lattice parameters between 10 and 100 K.
In addition to the splitting of the tetragonal a-lattice parameter below 85 K, the c-lattice
parameter and the unit cell volume change their temperature dependencies below 85 K as well,
becoming essentially temperature independent at lower temperatures. The relative splitting of
the lattice parameter in the orthorhombic phase is approximately 70% of the splitting found
in the polycrystalline material [40], due presumably to the Sn incorporation in the lattice.

Neutron scattering measurement on BaFesAss single crystals grown out of Sn have been
made [139]. A simultaneous tetragonal to orthorhombic and paramagnetic to antiferromagnetic
phase transitions ~ 90K were found. The ordered magnetic moment is ~ 0.99 up / Fe, which
is larger than 0.87 up / Fe, the one for polycrystalline sample [46].

Compared with pure BaFeyAsy, Sn doped BaFey Asy manifests different transport and ther-
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modynamic behavior. The changes in shape of the resistivity, magnetization and heat capacity
have been reproduced and reported by several other groups [139, 140]. On the other hand,
the intrinsic physics, the structural / magnetic phase transition, still exist and shift to a lower
temperature similar to the effects of transition metal doping on BaFesAss, as will be shown in

chapter 5 and 6. In this sense, Sn was our first, unintentional dopant.

4.3 Summary

BaFesAss single crystal grown out of FeAs flux, shows a rapid resistivity decrease, an
abrupt susceptibility drop and a sharp heat capacity peak associated with the structural /
magnetic phase transition at 134 K, which resemble the features of these measurements in
polycrystalline BaFes Ass with even sharper and narrower signatures.

BaFegAss single crystals grown out of Sn flux manifest different transport and thermody-
namic behaviors from both polycrystals and single crystals grown from FeAs flux. A rapid
resistivity rise, a small kink embedded in the Curie-Weiss like susceptibility and a broad peak
in heat capacity occur near 85 K. The single crystal X-ray diffraction and neutron scatter-
ing measurements reveal that the nature of these different features in BaFeyAsy single crystal
grown out of Sn flux is the same as the other two: simultaneous tetragonal to orthorhombic
and paramagnetic to antiferromagnetic phase transitions [25, 139]. The suppression of these
transition from 134 K to ~ 85 K is due to around 1% of Sn incorporation into the lattice. It
implies BaFesAso could be tuned by small changes in stoichiometry, however, the amount of
Sn incorporated into the sample could not be readily controlled. Systematic and controlled

doping studies of BaFesAsy by other means are required.
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CHAPTER 5. Transport, thermodynamic properties and anisotropic H.,

of Ba(Fe;_,Co,),As; single crystals

5.1 Introduction

The discovery of superconductivity in K-doped BaFeyAsy [23] compounds at 38 K attracted
a lot of attention due to the availability of sizable single crystalline samples [25, 27, 141, 142,
143, 144, 145]. However, single crystals of K-doped BaFeyAsy have large K concentration vari-
ations, as mentioned in chapter 3.1.2.2. This inhomogeneity of the (Bal,XKX)FeQASQ samples
has hindered the systematic study across the whole superconducting range. On the other hand,
the realization of superconductivity in Co doped BaFeaAss [30] provides another opportunity
to study the interplay of structure, magnetism, and the superconductivity in Fe pnictides.
Although the transition temperature T, is 24 K or less, the Co doped BaFeaAs, series has
become an archetypical system, and extensive experimental efforts [33, 34, 36, 37, 39, 146, 147]
have been made to characterize and delineate the nature of superconductivity.

In this chapter, detailed structural, transport and thermodynamic measurements of single
crystalline Ba(Fe;_,Co,)2As2, including measurements of the anisotropic upper critical field,
He(T), up to 35 T, are presented. The analysis of these data allows us to create a detailed
temperature-doping phase diagram that indicates: i) the structural and magnetic phase tran-
sitions, that are coincident for x = 0, separate as they are suppressed with Co doping. ii)
superconductivity occurs in both orthorhombic / antiferromagnetic and tetragonal / paramag-
netic phases, an observation that is clearly reflected by significant differences in the anisotropy

of H.o in these two regions.
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5.2 Experimental results

5.2.1 Structural, transport and thermodynamic properties
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Figure 5.1 Lattice parameters, a and ¢ as well as unit cell volume, V,
normalized to the values of pure BaFeyAss as a function of
measured Co concentration, zwpg [34].

Fig. 5.1 presents the unit cell parameter data as a function of the WDS measured Co
concentration, zyw pg. The lattice parameters are normalized to the parameters of BaFesAso,
ap = 3.9621(8)A, ¢y = 13.0178(20)A and V = 204.3565(814)A> | so that the relative change
in lattice constants can be seen. A monotonic, and essentially linear, decrease in the a- and
c-lattice parameters, as well as the unit cell volume was observed. The Co substitution for the
Fe site mainly affected the lattice parameter ¢ in the sense that at x=0.114 the decrease in the
lattice parameter c is roughly 0.5% whereas the decrease in a is only 0.07%.

The temperature dependent electrical resistivity curves of Ba(Fe;_;Co,)2Asy series, nor-
malized to their room temperature values, are shown in Fig. 5.2. As outlined in chapter 4, for
BaFeaAss, © = 0.00, the sharp decrease in resistivity at 134 K is associated with the combined
structural and antiferromagnetic transition [23, 46]. With Co doping, the temperature of the
resistive anomaly is suppressed monotonically, no longer being detectable for x > 0.058. For

x > 0.038, superconductivity is readily detected by a sharp, and complete, decrease of the
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Figure 5.2 (a) Electrical resistivities normalized to their room tem-
perature values for Ba(Fe;_,Co,)2Asy single crystals
(0.00 < zwps < 0.166). FEach subsequent data set is
shifted downward by 0.3 for clarity. (b) Low temperature data
showing superconducting transition [34].

resistivity to zero. This is shown more clearly in the inset of Fig. 5.2. The zero resistivity
temperature starts to show up around 10 K at = 0.038. This temperature rises to 23 K
at x = 0.058 and 0.074. With even more Co doping, this temperature is lowered to 10 K at
=0.114, 6 K at =0.135 and completely suppressed at x=0.166. For z = 0.038,0.047 and
even 0.058, both the higher temperature resistive anomaly and superconductivity are detected.

It is worth noting that for the lowest three Co substitution levels, x = 0.013, 0.020 and 0.024,
the resistive anomaly is very reminiscent of that seen for pure CaFeaAsy [130, 148, 149]: the
resistivity abruptly increases below the high temperature transition and then decreases again.
But for x = 0.038 and 0.047, the resistive anomaly shows a broad upturn with decreasing
temperature, which is very similar to that originally found for BaFeyAsy grown out of Sn flux
[25] inside which ~ 1 —2% Sn was found to be substituted for the Ba sites [137, 138]. A similar

evolution of the shape of resistive anomaly can be seen by comparing the resistivity of single
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crystal SrFesAss [129] to those of polycrystalline Sr(Fe;_;Co,)2Asg [150]. For the Co doping
level x = 0.075 in polycrystalline Sr(Fe;_,Co,)2As2, an increase similar to what we observe

for x = 0.038 and 0.047 in Ba(Fe;_,Co,)2Asy can be found.

Ba(Fe, Co,),As, |
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Figure 5.3 M/H vs. T of Ba(Fe;_,Co;)2Ass single crystals taken at
2.5 mT with H lc. Zero-field-cooled warming data as well as
field-cooled warming data are shown [34].

Both the antiferromagnetic / structural phase transition as well as superconductivity can
also be detected in temperature dependent magnetization measurements. Fig. 5.3 presents the
M(T)/H data in 2.5 mT with applied filed perpendicular to the crystallographic c-axis of the
samples. Each data set is compared to 1/47 (by using the unit cell volume). The upper curves
are field-cooled data whereas the lower curves are zero-field-cooled data. The field-cooled
magnetization data manifest clear Meissner effect. Fig. 5.4 shows the M (T)/H data taken at
1 T with the field perpendicular to c-axis. For 0.00 < x < 0.047 (upper panel) there is a clear
drop in the susceptibility at the temperature associated with the higher resistive anomaly and
a lower temperature feature associated with superconductivity for x = 0.038 and 0.047. For
0.047 < x < 0.135 (lower panel) superconductivity feature can be observed, but there is no
longer any signature of the higher temperature structural / magnetic transition. At x=0.166,

neither structural / magnetic phase transition nor superconductivity can be detected, which
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Figure 5.4 M/H vs. T of Ba(Fe;_,Co,)2Ass single crystals taken at 1 T
with H Le. Insets: M(H) data of selected Co concentrations
[34].

is consistent with the resistivity measurement shown in Fig. 5.2. It is worth noting that the
high field magnetization data show an almost linear behavior at high temperatures [38].
Specific heat data (H = 0 and 9 T applied along the crystallographic c-axis) were measured
for Co-doping levels of x = 0.038 and 0.047, which are shown in Fig. 5.5 up to 90 K. For
r = 0.038 two breaks in slope quite similar to the data in specific heat measurement of
LaFeAsO (see Fig. 1.3 (d)) [42] can be seen near the temperature where the resistive anomaly
and susceptibility drop occur. These features can be more clearly identified by examining the

dC,/dT plot in the lower inset. A similar pair of features can also be observed in the = 0.047
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data (these high temperature features will be discussed in section 5.3). A lower temperature
feature near the T, values identified from the resistivity and susceptibility data shown in Figs.
5.2, 5.3 and 5.4 can also be observed in the specific heat. This feature is even more clearly
resolved by comparison with the 9 T data shown in the upper insets of Fig. 5.5.
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Figure 5.5 C), vs. T of Ba(Fe;_,Co,)2Asy with 2 = 0.038 (upper panel)
and 0.047 (lower panel). Lower insets: dC,/dT. Upper insets:
low temperature Cp(7T') data taken at 0 (solid line) and 9 T
(dashed line) with H||c [34].

Specific heat measurements taken at H=0 also have been preformed on compounds with
x = 0.058, 0.074, 0.10 and 0.114 up to 25 K as presented in Fig. 5.6 [54]. The heat capacity
jumps associated with the superconducting transitions are observed in all these concentrations.
This feature is relatively sharp for Co-doping levels of x = 0.058 and 0.074, which have the

highest T¢s, and is readily associated with a classical second order phase transition to a low
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temperature, superconducting state. For the other z values, the low temperature anomalies

associated with the superconducting phase transition are broader.
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Figure 5.6 C), vs. T of the superconducting Ba(Fe;_;Co;)2Asy. Data
are shifted by a multiple of 50 mJ/mol K? along the y - axis
for clarity. Inset: enlarged C,/T vs. T plot near T. for
Ba(Fe.926Co00.074)2As2, lines show the "isoentropic” construc-

tion to infer T, and AC [54].

5.2.2 Anisotropic H(T') curves

In order to study the effects of doping on the superconducting state in greater details,
anisotropic Heo(T') data were collected for z = 0.038, 0.047, 0.058, 0.10 and 0.114 doping
levels that manifest superconductivity. A representative data set of R(H) data for H||c and
H 1 ¢ for z = 0.038 compound is shown in Fig. 5.7. The onset and offset criteria that were
used to infer H.o from a given R(H) curve are shown in Fig. 5.7. These two criteria help define
the width of the transition seen in the R(H) data and will give a sense of the range of possible
Ho(T) values. Figs. 5.8 and 5.9 present the anisotropic H.o(7T') plots inferred from the R(H)
data for each criterion (using two samples for each field direction). In the Ba(Fe;_,Co,)2As2

series, grossly speaking, the H.o(T) is higher for larger T, values, with H5(T) > H, l'QC(T ).
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Figure 5.7 Isothermal R(H) data of Ba(Fe;_;Coy)2As2 (z = 0.038) with
H||c (upper panel) and H L ¢ (lower panel). Dotted lines show
onset and offset criteria used to determine H.o(7') values [34].

Whereas, for the samples with lower 7, values the 35 T maximum field was almost enough to
fully determine the H.o(T') curves, the samples with T, values above 20 K have H.o(T = 0)
values that are significantly larger.

In Fig. 5.8, the left panel shows the H.o(T') data for x = 0.038 and the right panel shows
the data for x =0.114 sample, both of them have T, around 10 K. It can be clearly seen that
the £ = 0.038 compound has smaller H., anisotropy comparing to x = 0.114 sample. For
both compounds, the application of 35 T magnetic field almost suppressed the T, to 0 K. For
r = 0.038 sample, H5°(0) can be estimated to be around 40 T from the onset criterion and

35 T from the offset criterion. For z = 0.114 compound, H5¢(0) is about 35 T from onset
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Figure 5.8

criterion or 25 T from offset criterion.

Fig. 5.9 (a) and (b) present the H.o data for z = 0.047 and 0.10 compounds, which have
T, around 17 K. The = 0.047 compound clearly shows smaller H.o anisotropy than = = 0.10
compound. The application of 35 T magnetic field only suppresses T, by approximately half,
as inferred from the onset criterion. Fig. 5.9 (c) and (d) show the Hg data for z = 0.058
and 0.074 compounds, which have T, around 23 K. Since the application of 35 T, which only

suppress T, by less than 1/3, is not high enough to infer H.(0), the WHH formula for dirty

superconductors, He2(0) = —0.693Tc(d5;22)\7~c, is used to estimate the upper critical field at 0
K. For # = 0.058, the estimated Hz¢(0) is around 70 T inferred from the onset criterion or
55 T from the offset criterion; Hc‘g”(O) is around 40 T. For 2 = 0.074, the estimated H%(0) is

around 80 T and H, (‘J;(O) is around 40 T.



40 T T T T
om Onset Criterion
30f E\\\_ .
- \:]\O& <4
= N ]
20 B
= 1
r Ba(Fe, Co ),As,; x=0.047
10| —m—Sample 1H Lc ]
[ —0—Sample 1 H ||c 1
[ —®—Sample2H Lc i
o Lo Sample 2H ||c . . ]
. Offset Criterion
30 L . ]
E'\OD \' ]
—~ [ NS |
':,Nzo L ¥o N ]
| A o
. N ]
10 i Vx) .
i N
- \\.
0 1 1 1 1
0 4 8 12 16 20
T (K)
(a)
40 —— T T T T T T T
[ Onset Criterion
30} D me ]
L \.\.
o \\
- L
—, 20 _\. b
I’ [ Ba(Fe, Co ),As,; x=0.058 B \ ]
[ —m—Sample 1H L¢c o\ ]
10 F —°—Sample 1H | c N -\. _
I —®—Sample2H Lc \ 1
[ —0—Sample2H|c ﬁ\ e |
O [ PR IS S S T [T ST TR T S AT ST ST ST A T TR SO S S | aﬂ:‘-
[ Offset Criterion ]
30 T we ]
I ~
= 20 L " @ i
= F \ ]
T \'\ ]
10F KO \. ]
: \K'\s ]
0 L N PR | PR | P P PR | .O.\%.&‘ ]
0 4 8 12 16 20 24
T (K)
(©

70

40
30F

£ 20}

r Ba(Fe, Co ),As,; x=0.10
| —m—Sample 1H Lc
[ —0—Sample 1H|c
| —®—Sample2H lLc
I —O—Sample 2H ||c

Onset Criterion

AN

30F

Onset Criterion
Ba(Fe, Co )As,; x-0074\\ \\

—m—Sample TH Lc
—o0—Sample 1H || c
—e—Sample2H Lc
—O—Sample2H || c

H, (M)

Offset Criterion

(d)

Figure 5.9 Anisotropic Heo(T) curves determined for Co-doping level of
(a) x = 0.047 (b) x = 0.10 (c) z = 0.058 (d) = = 0.074 using

onset criterion and offset criteria.



71

5.3 Discussion
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Figure 5.10 (a)Criteria used to determine transition temperatures for up-
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and R(T)/R(300K). Bottom panel: d(M(T)/H)/dI and
M(T)/H. (b) Neutron scattering measurement [152].

The resistivity, magnetization and specific heat data all clearly show the suppression of
the higher temperature structural / magnetic phase transition with increasing Co substitution
for Fe. In order to quantify these transitions in details, the criteria to determine the salient
temperatures are chosen based on the temperature derivatives of the specific heat, resistivity
and susceptibility as shown in Fig. 5.10 (a) [34, 151]. Two features in the resistivity and
susceptibility data occur at the similar temperatures as the breaks in slope in the specific heat.
There were two possibilities for the observation of these two clear features for intermediate Co
concentrations: i) a separation of the structural and magnetic phase transitions that are so

strongly coupled for pure BaFeaAsy. ii) a distribution of transition temperatures associated
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with a distribution of Co doping throughout the sample.

dopant x p M C
T, T, Tomset 1ollsetl 1 1. T.| T, T, T
0 134 134 134 134 134 134
0.013 119 118
0.020 | 110 104 111 104
0.024 | 105 99 105 99

Co 0.038 7 66 12.3 10.5 78 67 88 | 76 68 7
0.047 64 48 17.8 16.5 64 48 16.1| 60 49 14.7

0.058 | 30 £ 3* 23.7 23.1 23.2 22.8
0.074 22.9 22.3 22.7 21.8
0.10 19.3 17.4 17.4 15.6
0.114 12.8 104 11.1 8.6
0.135 8 6 4.5

0.166 0 0

Table 5.1 Summary of T, T;, and T, from resistivity, magnetization and

*

specific heat measurements for Ba(Fe, _ Co,)2As, series. *: see

text.

Neutron scattering measurements shown in Fig. 5.10 (b) demonstrate that these features
are associated with the separated structural / magnetic phase transitions [152, 153]. The
higher temperature feature corresponds to the structural phase transition whereas the lower
temperature feature corresponds to the magnetic phase transition. These measurements sup-
port the criteria employed in this thesis to extract the structural / magnetic phase transition
temperatures from the thermodynamic and transport data (as shown in Fig. 5.10 (a)).

The criteria to infer the superconducting temperature T, also have to be established. For
this thesis we use the offset and onset criteria from resistivity data as shown in the inset of
Fig. 5.2. In addition an onset criterion for susceptibility shown in Fig. 5.3 is also used. The
”isoentropic” construction shown in the inset of Fig. 5.6 is used to determine T, from specific
heat measurements because of the finite widths of the superconducting transitions.

Using the criteria described above, Ty, T,, and T, can be inferred from the transport and
thermodynamic measurements. Table 5.1 presents the summary of this information. For the

99 599

temperature indexed by a , due to the very low structural / magnetic phase transition

temperatures, the features associated with them become very broad and weak (e. g. see
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Figure 5.11 T — z phase diagram of Ba(Fe;_,Co,)2Ass single crystals for
z < 0.166.

x = 0.058) and no detectable kinks can be seen in the derivatives, but we can estimate T by
taking the temperature of resistivity minimum as the upper limit of T and the temperature
of the inflection point as the lower limit of 7. The structural phase transition in z = 0.058
sample has been confirmed by X-ray scattering measurement [154]. Fig. 5.11 shows the
temperature - doping concentration (7' — x) phase diagram which graphicly summarizes this
information. Filled symbols represent the structural phase transition temperature, T, whereas
hollow symbols represent the magnetic phase transition temperature, 7T;,. As it can be seen,
the structural / magnetic phase transitions are monotonically suppressed and increasingly
separate as the Co doping level increases. They are no longer detected in either resistivity or
magnetization data for z > 0.058. A dome-like superconducting region can be observed in this
phase diagram: superconductivity is stabilized around 10 K for x = 0.038, rises to a maximum
value of ~ 23 K for 0.058 < x < 0.074, then drops to ~ 10 K at x = 0.114 again and finally

gets completely suppressed at x = 0.166. It is worth noting that the transition temperatures
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inferred from resistivity data (squares), magnetization data (circles) and specific heat data

(triangles) are in excellent agreement with each other.
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Figure 5.12  Anisotropy of the upper critical field, v = H5%(T)/H CHZC (1),
as a function of effective temperature, T/T,, for
Ba(Fe;_,Co,)2Asy single crystals.  Upper panel: offset
criterion; lower panel: onset criterion.

One of the clearest features in Fig. 5.11, as well as the resistivity and magnetization data
shown in Figs. 5.2 and 5.4, is the apparent coexistence of the higher temperature, structural
/ antiferromagnetic phase transitions with lower temperature superconductivity for the lower
Co-doping levels. This could imply that superconductivity does exist in the low temperature,
orthorhombic / antiferromagnetic state with the assumption that the same parts of the sample
are simultaneously superconducting and orthorhombic. Another possibility would be that the

sample separates into tetragonal / paramagnetic, superconducting, and orthorhombic / anti-
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ferromagnetic, but normal, phases. Some light can be shed on this issue by examining how
the properties of the superconducting state vary from one side of the dome to the other. If the
superconductivity is associated solely with a tetragonal / paramagnetic phase, there should
not be a dramatic change in the anisotropy of the superconductivity across the superconduct-
ing dome. On the other hand, if there is a clear difference in the superconducting anisotropy
between the samples that are in the orthorhombic part of the phase diagram and the samples
that are in the tetragonal part of the phase diagram, this would be the evidence of the super-
conductivity being affected by the higher temperature phase transition. Fig. 5.12 presents the
anisotropy of Heo(T), v = HCLZC(T)/HC”;(T), as a function of T'/T. (extracted from Figs. 5.8
and 5.9). The data inferred from the onset and offset criteria for both samples from each batch
are shown. There is a clear bifurcation of data, the three Ba(Fe;_,Co,)2As2 compounds that
are clearly in the tetragonal / paramagnetic phase have an anisotropy varying from 1.5 (low
temperature) to 3 (near 7T.), that is 40 — 60% larger than the samples that manifest super-
conductivity as well as anomalies associated with the orthorhombic / antiferromagnetic phase
transitions. Although this is not proof that superconductivity can arise from the orthorhom-
bic / antiferromagnetic phase, it strongly supports this hypothesis since superconductivity is
affected by a different crystallographic / magnetic environment.

We can take a closer look at the anisotropic H.o measurements. As shown in Fig. 5.12, v
of each Ba(Fej_,Co,)2Asy sample, monotonically decreases with decreasing temperature. ~y of
Ba(Fe;_;Coz;)2As samples varies from 1 (low temperature) to 3 (near 7¢), which is significantly
smaller than the values ranging from 5 (low temperature) to 9 (near T;) for superconducting
oxypnictides [155, 156, 157, 158]. This fact implies a more 3D character of Fermi surface in
Ba(Fe;_,Coy)2Ase than that of oxypnictides.

To compare the effects of hole doping and electron doping on the superconducting state in
Bal22 system, H.o curves of (Bag55Ko.45)FeaAsg [144] sample and near-optimally Co doped
sample, Ba(Fep 926Co00.074)2As2 [34], are presented in Fig. 5.13. Very similar behaviors can
be observed in these two compounds: i) (Bag 55Ko.45)FeaAsg also has a small H.o anisotropy,

monotonically increasing from 1.4 (low temperature) to 3.5 (near 7). ii) for both compounds,
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H CHQC curve is roughly linear whereas H, CLQC curve has a negative slope and a tendency to saturate.
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Figure 5.13 (a) Hco curves of (Bag 55K0.45)FeaAsy [144] as a function of T'.

(b) Hea curves of Ba(Feq.926Cog.074)2As2 [34] as a function of
T

5.4 Summary and conclusions

The effects of Co substitution for Fe have been studied for Ba(Fe;_,Co,)2Ase (z < 0.166)
single crystals. The addition of Co monotonically suppresses the higher temperature struc-
tural / antiferromagnetic phase transitions at an initial rate of roughly 15 K per atomic percent
Co. In addition, superconductivity is stabilized at low temperature for x > 0.038 and com-
pletely suppressed at our highest doping level of x = 0.166. The superconducting region has
a dome-like appearance with the maximum 7, values (~ 23 K) found near x ~ 0.07. The
intermediate values of Co doping lead to a separation of the structural and magnetic phase
transitions as indicated by the observation of two features in the temperature derivatives of
the thermodynamic and transport data, and supported by neutron scattering measurements.
The higher-temperature transition is a tetragonal to orthorhombic, structural phase transi-
tion and the lower-temperature transition is associated with the onset of long range order

antiferromagnetism.
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The T — z phase diagram inferred for Ba(Fe;_,Co,)2Ass series suggests the existence of
superconductivity in the orthorhombic (antiferromagnetic) phase as well as in the tetragonal
(paramagnetic) phase. Analysis of the H.s anisotropy clearly shows that the superconductivity
that occurs in samples that show features associated with the transition to the low temperature
orthorhombic / antiferromagnetic state has an ~ 50% smaller anisotropy than that is found in
samples with higher Co-levels that remain in the tetragonal / paramagnetic phase. This obser-
vation strongly supports the hypothesis that superconductivity occurs in both orthorhombic /
antiferromagnetic and tetragonal / paramagnetic phases.

On a broader level, for all Co-doping level x, the higher T, the higher H.(0) values. The
samples with T, values above 20 K have H.(0) values that are significantly larger than 35 T
whereas for the samples with lower T, values the 35 T maximum field was almost enough to
fully determine the H.o(T') plots. The anisotropic H.o parameter monotonically increases with

increasing temperature.
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CHAPTER 6. Transport and thermodynamic properties of
Ba(Fe;_,TM,)2As; (TM=Ni, Cu, Co / Cu, Rh and Pd) single crystals

6.1 Introduction and overview

In chapter 5, the effects of Co substitution in BaFeyAsy single crystals for x < 0.166
were presented. A comprehensive temperature-doping concentration (T — x) phase diagram
was determined [34], one that has been confirmed and reproduced by several other groups
[36, 37, 38, 39]. With Co doping, the structural phase transition at 134 K in pure BaFesAso
is suppressed monotonically and increasingly separates from the lower temperature magnetic
phase transition. In addition, superconductivity can be stabilized with Co doping and has a
dome-like appearance in the T'— x phase diagram. For the superconducting coumpounds with
lower doping levels, superconductivity coexists with antiferromagnetism in the orthorhombic
state [152, 153]. For higher Co doping levels both the structural and antiferromagnetic phase
transitions are completely suppressed and superconductivity occurs in the tetragonal (para-
magnetic) phase. These data are all consistent with the idea that superconductivity can be
stabilized when the structural / magnetic phase transitions are suppressed to ”"low enough”
temperature.

The natural questions following this study were: what will happen if the other transi-
tion metals are doped on the Fe site of BaFeaAse? Will these dopants have effects similar
to Co-doping? Will they suppress the structural / magnetic phase transitions and stabilize
superconductivity in the same manner as Co-doping? Can the similarities and differences
among these dopings be understood and shed some light on the correlation between the struc-
tural / antiferromagnetic phase transitions and superconductivity, as well as the conditions

for the appearance of superconductivity in the BaFesAss system? To answer these questions,
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extensive experimental efforts focusing on electron doped BaFesAss series, have been made.
3d transition metal, Ni, Cu, Co / Cu doped and 4d transition metal, Rh and Pd, doped
BaFesAss single crystals were grown and characterized by microscopic, structural, transport
and thermodynamic measurements.

In all these series, the structural and magnetic phase transitions at 134 K in pure BaFesAssy
were suppressed monotonically and separated by these dopants. For the 3d electron doped
Ba(Fe;_,Ni;)2Ass series, superconductivity can be stabilized over a smaller doping range com-
pared to the Ba(Fe, _ Co,)2Asy series. In Ba(Fe,_ Cuy)2Asy (x < 0.356) series, the structural
and magnetic transitions are suppressed, but superconductivity is not stabilized for T > 3
K. For one concentration, x = 0.044, a sharp drop of the resistivity to zero shows up near 2
K, this feature of resistivity might be a sign of very limited superconductivity near this Cu
doping level. In Ba(Fel_x_yCOxCU.y)QASQ (x ~ 0.021) series, although Ba(Fe; ¢;3Co0.024)2As2
is not superconducting, the introduction of extra Cu atoms further suppresses the structural
/ magnetic phase transitions and a T, dome shows up with a maximum value of 12 K. In
Ba(FelixinOICUy)QASQ (x ~ 0.047) series, Cu is doped into Ba(Fe 970C00.047)2As2, an un-
derdoped compound with T, ~ 16 K. As Cu is added, the structural and magnetic phase
transitions are suppressed further, and T, rises to ~ 20 K.

The detailed analysis of all the data collecting from nearly 40 separate batches of 3d electron
doped BaFegAss, allows for the determination of the temperature-doping concentration (7' —
x) and temperature-extra electron (7" — e) phase diagrams of 3d electron doped BaFesAss.
The comparison of these systems indicates that the suppression of the upper structural /
magnetic phase transitions is a necessary but not sufficient condition for the occurrence of
superconductivity. Comparisons of the T'— x and T — e phase diagrams for TM=Co, Ni, Cu,
Cu / Co series reveal that, although the suppression of the upper transitions better scales with
the doping level x (or the change in the crystallographic c-axis), the location and extent of the
superconducting dome scales better with the number of extra conduction electrons added(or
the change in the ratio of a over ¢), which are one for each Co, two for each Ni and three for

each Cu atom.
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The study of 4d electron doped BaFeaAss systems shows although T'— x phase diagrams for
Co- and Rh-doping are virtually identical, as are the phase diagrams for Ni- and Pd-doping, by
analyzing the relative changes in the lattice parameters, whereas x and e can still successfully
be used to parameterize the structual / magentic and superconducting phase transitions in the
Ba(Fe;_,TM;)2Asy systems, changes in the lattice parameters, or their ratios, no longer can.
This allows for the clear identification of x and e as relevant variables (rather than ¢ and a/c)
and helped refine further the idea that superconductivity in the Ba(Fe;_,TM;)2Asy systems
requires both the adequate suppression of the upper transitions and an appropriate electron
count.

Therefore, by choosing which combination of dopants are used to control the structural
/ magnetic phase suppression rate and the extra electrons added, we can adjust the relative
positions of the upper phase line and the superconducting dome, even to the extreme limit of
suppressing the upper structural and magnetic phase transitions without the stabilization of

low temperature superconducting domey.

6.2 Experimental results

6.2.1 Ba(Fe,_,Ni;)2Asy

Ba(Fe;_,Ni;)2Asy compounds were first found to superconduct by Xu. et al [31]. However,
no detailed presentation of transport and thermodynamic data or determination of a phase
diagram of the structural, magnetic and superconducting phases was made. In order to map
the phase diagram of Ba(Fe;_, Ni;)2Asy, single crystals were grown and characterized.

The evolution of the lattice parameters with the doping level is shown in Fig. 6.1. They
are normalized to ag = 3.9621(8) A, ¢y = 13.0178 (20) A, Vi = 204.357 A%, which are the
lattice parameters of pure BaFesAss. For Ni dopings up to z =0.072, the lattice parameter
a increases slightly by 0.04%, while the lattice parameter ¢ decreases almost ten times faster,
by 0.35%, and thus the unit cell volume decreases monotonically by 0.26%. This is different
from Co-doped BaFeyAss, in which, up to x = 0.114 doping level, a and c lattice parameters

decrease by 0.07% and 0.5% respectively and the unit cell volume decreases by 0.6%.
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Figure 6.1 Lattice parameters of Ba(Fe,_  Ni;)2Asy series, a and c as
well as unit cell volume, V', normalized to the values of pure
BaFeyAss as a function of measured Ni concentration, xyw ps

Fig. 6.2 (a) shows the normalized resistivity data taken from 2 K to 300 K for Ba(Fe, _, Ni,)2Ass.

Each subsequent data set is shifted downward by 0.3 for clarity. It shows very similar behavior
to Ba(Fe,_,Co,)2Asy [34, 36]. With Ni doping, the resistive anomaly associated with the struc-
tural and magnetic phase transitions is suppressed from 134 K, for pure BaFesAss, to lower
temperatures. For the lowest doping level, x = 0.0067, the resistive anomaly is very similar to
that seen in pure CaFegAsy as well as very lightly Co doped BaFeyAs, [34, 130]. With higher Ni
doping, the resistive anomaly becomes a broad upturn. The evolution of the resistive anomaly
can also be seen in Fig. 6.2 (b), which shows the enlarged d(p(T")/pso0x)/dT below 130 K
for Ba(Fe,_,Ni;)2Ass; two kinks similar to those in Ba(Fe,__Co,)2As, [34] can be observed.
Based on the Co-doping work, reviewed in the previous chapter, an considering the similarities
between Co-doping and Ni-doping, it is natural to believe that the higher-temperature kink
in d(p(T)/psoor)/dL, d(M/H)/dT and dC/dT is associated with the structural phase tran-
sition and the lower-temperature kink is associated with the magnetic phase transition. This

assumption has been confirmed by recent neutron scattering work [154] on several different
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Figure 6.2 Ba(Fe,_,Ni;)2Asy series: (a) The temperature dependent re-
sistivity, normalized to the room temperature value. Each sub-
sequent data set is shifted downward by 0.3 for clarity. (b)
d(p(T)/psoor)/dT for y < 0.032. (c) Enlarged low temperature

p(T)/ psook -

TM dopants.

For z = 0.024, the structural phase transition temperature, T, is suppressed to 82.1 K,
the magnetic phase transition temperature, 7},, is suppressed to 66.3 K, and zero resistivity
is detected below 6.8 K. At x = 0.046, the resistive anomaly associated with structural and
magnetic phase transitions disappears and the superconducting temperature increases to the
maximum value around 19 K. For larger x, T, decreases and is suppressed to ~ 5.7 K for
x = 0.072. The superconducting feature can be seen more clearly in Fig. 6.2 (c), which shows
the low temperature resistivity data for Ba(Fe;_, Ni;)2Ass. The superconducting transition

width of Ba(Fe,_ Ni;)2Asy is smaller than 2 K.
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Figure 6.3 Ba(Fe,_,Ni;)2Asy series: (a) Field-cooled (FC) and
zero-field-cooled (ZFC) low field M(T)/H data taken at
2.5 mT with Hle. (b) M(T)/H data taken at 1 T with H Lec.

Fig. 6.3 (a) shows the M (T)/H data taken at 2.5 mT with H perpendicular to the crystal-
lographic c-axis of the Ba(Fe;_, Ni,)2Asy samples. The Meissner effect can be clearly seen in
the field-cooled (FC) data, the zero-field-cooled (ZFC) data highlight the transition even more
dramatically. The supercondcuting fractions are similar to the superconducting fractions of
Ba(Fe,_,Co,)2Asy [34]. Fig. 6.3 (b) shows the M(T")/H data taken at 1 T with H_Lc. For
pure BaFegAsy, a susceptibility drop associated with the structural / magnetic phase transi-
tions around 134 K can be clearly seen. With Ni doping, this feature is suppressed to lower
temperature and splits, consistent with the resistivity data shown in Fig. 6.2 (a). M(T)/H
data show a linear temperature dependence above the structural and magnetic phase transition
temperatures. This linear behavior is similar to that seen in Ba(Fe;_,Co,)2Asy [34, 38]. The
magnitude of the susceptibility in normal state is between 4.5 x 10~% emu/mole to 10 x 10~*
emu/mole, which is again similar to that of Ba(Fe,_,Co;)2Ass.

Fig. 6.4 presents the heat capacity data up to 25 K taken at zero magnetic field for all the
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superconducting Ni doped compounds [54]. The feature associated with the superconducting
transition can be clearly observed for £=0.032, 0.046 and 0.054 whose T¢s are higher than 10
K whereas a C), feature can hardly be detected for the x =0.024 and 0.072 compounds, each
with T, lower than 5 K. In addition, the heat capacity jump is relatively sharp for the near
optimal Ni-doping level of x = 0.046 while it is broad for the other samples. This feature is
similar to what we have seen in Ba(Fe,__Co,)2Asy and will be discussed at the end of this
chapter in detail.

The structural / magnetic and superconducting transition temperatures inferred from Figs.
6.2, 6.3 and 6.4 are summarized in Table 6.1. For x = 0.0067, due to the small temperature
splitting between T and T, although we can still observe two kinks from d(p/ps00)/dT (resis-
tivity measurement is the most sensitive one to detect structural / magnetic phase transitions
among these measurements), we can only observe the kink associated with magnetic phase

transition in d(M/H)/dT whereas less obvious shoulder-like feature associated with structural
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dopant x p M C
T, T, Towet 1o 1, T, T.| T,
0 |134 134 134 134
0.0067 | 123 118 119
0.016 | 94 104 103 94
0.024 | 82 66 8.6 6.8 | 84 68 3.9 | 25
Ni | 0032 | 56 37 166 159 | 53 15.1 | 14.6
0.046 194 188 18.4 | 17.8
0.054 155 143 14.4 | 13.9
0.072 7.5 5.7 6 | 5.2

Table 6.1 Summary of T, T,, and T, from resistivity, magnetization and
specific heat measurements for Ba(Fe, _ Ni;)2Asy series. **: see
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Figure 6.5 T — x phase diagram of Ba(Fe;_,Ni;)2Asy single crystals for
x <0.072.

phase transition as shown in Fig. 5.11 can not be detected. For z = 0.032, due to the nearness
between magnetic phase transition and the superconducting phase transition, the feature as
shown in Fig. 6.2, used to infer T, is blurred, therefore T, is determined from the minimum
of d(p/pso0)/dT below Ts. No detectable feature of magnetization measurement for x = 0.032

sample can be employed to infer T,,,. All of these data can be used to assemble a temperature-
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doping concentration (T'— x) phase diagram for Ba(Fe, _ Ni;)2Asy as shown in Fig. 6.5. It has
very similar appearance as the one for Ba(Fe;_, Co,)2Asy except the superconducting dome

occurs at a lower x and is much narrower.

6.2.2 Ba(Fe;_,Cuy)2Asy
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Figure 6.6 Lattice parameters of Ba(Fe,__ Cu,)2Asy series, a and c as
well as unit cell volume, V', normalized to the values of pure
BaFeyAss as a function of measured Cu concentration, xyw pg

Since superconductivity was found in both Ba(Fe,_,Cos)2Asy and Ba(Fe,_ Ni;)2Aso,
straightforward questions will be, what will happen if Cu, the next 3d period element, is
doped into BaFeyAsy? Will the structural / magnetic phase transitions be suppressed in a
similar way? Will the superconducting dome shrink further? To answer these questions,
Ba(Fe,_,Cu,)2Asy single crystals were grown and characterized. In Table 3.2, we showed
the results of the elemental analysis of Ba(Fe,_,Cu,)2Asy series. We found Cu-doping has a
somewhat larger variation of = values than the other TM dopings (but still much less variation
than K-doping). This may come from the fact that small Cu shot rather than CuAs pow-

der was used in the growth procedure, but considering the fact that Co powder rather than
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CoAs powder was used in reference [36] for the growth of Ba(Fe, _, Co,)2Ass crystals and very
sharp low field M (T")/H features were observed, it is more likely that this somewhat larger Cu
concentration variation is intrinsic in nature.

The evolution of the lattice parameters of Ba(Fe,__Cu,)2Asy with « is shown in Fig. 6.6.
Comparing to pure BaFesAss, with Cu doping up to £=0.356, the lattice parameter a increases

linearly by 2.2%, lattice parameter ¢ decreases monotonically by 1.7% and the unit cell volume

increases by roughly 2.6%.
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Figure 6.7 The temperature dependent resistivity, normalized to the room
temperature value, for Ba(Fe, _, Cuy)2Asy. Each subsequent

data set is shifted downward by 0.3 for clarity respectively for
(a) and (b).

The electrical transport data for the Ba(Fe, _ Cu,)2Asy series from base temperature, 2 K,
to 300 K (for z = 0.044, the base temperature was 0.4 K) are shown in Fig. 6.7. The effects
of Cu substitution can be clearly seen in Fig. 6.7. As x is increased, the resistive anomaly
associated with the structural and magnetic phase transitions is suppressed monotonically.
For the lowest doping level x = 0.0077, the resistive anomaly manifests as an abrupt increase

in resistivity followed by a decrease as temperature is lowered further. It is very similar to
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Figure 6.8 (a) d(p(T)/psoor)/dT of Ba(Fe,_,Cuy)2Asy for 0.05 > z.
(b) Enlarged low temperature p(T)/psporx  data of
Ba(FeO_95GCu0,044)2ASQ

what we have seen in Ba(Fe 933Nio.0067)2As2. With higher Cu doping, the resistive anomalies
associated with the structural and magnetic phase transitions show a broad upturn. No clearly
defined resistive anomaly can be seen for x > 0.035, but for 0.061 > z > 0.035, a minimum
in the resistivity can be observed, which can be used to identify an upper limit for the struc-
tural and magnetic phase transitions. No sign of structural and magnetic phase transitions is
detected for > 0.068. The suppression of the structural and magnetic phase transitions is
further demonstrated in Fig. 6.8(a). Two kinks, like what we have seen in Co and Ni doped
BaFeyAsy [33], can be observed. These features are suppressed to lower temperatures with
increasing Cu doping.

Zero resistivity was found for a single doping: x = 0.044, below 2.1 K. Fig. 6.8(b) shows
the enlarged, low temperature, electric transport data of Ba(Fe; g5;Cuo.044)2As2. A very sharp
transition to zero resistivity is observed. T2//* is 2.1 K and T is 2.2 K.

Fig. 6.9 shows the temperature dependent M (T')/H data taken at 1 T from 2 K to 300 K

with H perpendicular to the crystallographic c-axis of the samples. Due to slight ferromagnetic
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Figure 6.9 M(T)/H taken at 1 T with H Lc for Ba(Fe,_, Cuy)2As; series.

impurities in the higher Cu concentration BaFepsAsy samples (x > 0.068), we only show the
susceptibility for z < 0.068. To make the graph easier to read, the data are grouped into
two panels. Fig. 6.9 (a) shows M(T')/H of Ba(Fe,_,Cu,)2Asy samples that manifest a clear
resistive anomaly in Fig. 6.7. A clear drop at the temperature associated with the resistive
anomalies can be seen. Higher temperature susceptibility data show almost linear temperature
dependence which is similar to the ones in Ba(Fe, _ Ni;)2Asy discussed above [34]. Fig. 6.9
(b) shows M(T')/H of Ba(Fe,_,Cu,)2Asy samples (0.068 > x > 0.035). Although a resistivity
minimum is present in = 0.05,0.061 and 0.068 samples, no feature of structural and magnetic
phase transitions similar to the ones in Fig. 6.9 (a) can be detected in the susceptibility data.
On the other hand, the low temperature susceptibility increases with decreasing temperature
whereas the high temperature susceptibility continues to show T-linear behavior. Low field
M(T)/H data, down to 1.8 K, for the £=0.044 sample with zero resistivity around 2 K do
not show a diamagnetic signal, but since this is at the edge of range where diamagnetic signal

would just be starting, it is hard to conclude if there is bulk superconductivity in x=0.044
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Figure 6.10 (a) Enlarged temperature dependent heat capacity of
Ba(Fe;_,Cuy)2Asy (z = 0, 0.0077, 0.02 and 0.026). Inset:
Cp vs. T2 for Ba(Fe; g55Cuo.044)2As2. (b) Enlarged dC,/dT
vs. T for Ba(Fe, _,Cuy)2Asy (z = 0.02 and 0.026).

Fig. 6.10 (a) shows an enlarged region of specific heat data C,(T") vs. T for the Cu
concentrations x = 0, 0.077, 0.02 and 0.026. The very sharp peak around 134 K associated
with the structural / magnetic phase transition can be seen in heat capacity measurement for
pure BaFesAss. For z = 0.077 Cu doping, the single sharp peak in pure BaFesAsy splits into
two. With even higher Cu doping, the sharp peaks become broad. To identify these features
more clearly, dC,/dT for x = 0.02 and 0.026 are plotted in Fig. 6.10 (b). We can see two
kinks in the dC),/dT plot which correspond to the two kinks observed in d(p/p300)/dT". These
features are no longer detectable in either C, or dC,/dT for x > 0.035, although we still
can see features of structural and magnetic phase transitions for x = 0.035 in resistivity and
susceptibility measurements. The inset of Fig. 6.10 (a) shows the C, vs. T? measured down
to 0.4 K for Ba(Fe0.956Cug,o44)2A52. No clear superconductivity jump can be observed around

4 K?. This is not surprising since the heat capacity jump decreases with decreasing T: for
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dopant x P M C
T, T, Tomset 1ot | 1, T,
0.0077 | 121 117 119 | 119 117
0.02 94 86 88 | 94 88
0.026 83 71 72| 82 75
Cu | 0.035 63 48
0.044 | 40 4 20* 2.2 2.1
0.05 | 30%25*
0.061 | 10 + 10*

Table 6.2 Summary of T, T}, and T, from resistivity, magnetization and

T (K)

specific heat measurements for Ba(Fe,_ Cu,)2As, series.
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Figure 6.11 T — x phase diagram of Ba(Fe;_,Cuy)2Ass single crystals for
r < 0.061.
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Co-doped and Ni-doped BaFeyAss, the heat capacity jump is rather subtle for superconductors
with very low T, due to the broadness, such as Ni doped BaFeyAss samples with T, around
2.5 K and 4 K which did not show clear specific heat jump either.

The structural / magnetic and superconducting transition temperatures are determined
from Figs. 6.7, 6.9 and 6.10 and summarized in Table 6.2. For the concentrations indexed by
*, the resistive features become so broad that the error bars associated with the determination
of the upper (only detectable) transition are defined by the temperature of the resistance
minima on the high side and the temperature of the inflection point on the low side. The T'—x
phase diagram of Ba(Fe,  Cu,)2Asy series is plotted Fig. 6.11. The structural and magnetic
phase transitions are suppressed and increasingly split with Cu doping in a similar manner as
Co, Ni dopings, but the superconductivity possibly occurs only at x =0.044 with a very low
T. ~ 2 K in this series and current data do not allow to evaluate the volume fraction of the

superconducting phase.

6.2.3 Ba(Fel_x_yCoxCuy)gASQ (z ~ 0.022)

Whereas doping BaFeyAsy; with Co, Ni and Cu suppresses the upper structural / mag-
netic phase transitions in similar ways, only Co and Ni appear to induce a superconducting
dome over substantial ranges of x values. Cu, while suppressing the structural and magnetic
phase transitions, does not lead to any significant superconducting region; possibly only one
compound with x ~ 0.044 has T, ~ 2 K. In order to better understand the effects of Cu on
the superconducting state, two mixed ( Cu and Co) doping series , Ba(Fel_x_yCOICuy)gASQ
(x ~0.022 and = ~ 0.047) were grown and studied.

For the Ba(Fe; _,  CoyCuy)2Asy (x ~ 0.022) series, the lattice parameters are normalized
to the ones of closely related Ba(Fe g-4C00.024)2A52 (a/ag, ¢/co and V/Vj are plotted against
ywps in Fig. 6.12. With Cu doped into Ba(Fe; ¢,3Co0.022)2As2, the lattice parameter a
increases, lattice parameter ¢ decreases and the unit cell volume increases.

Fig. 6.13 (a) shows the electric transport data of Ba(Fe;_,_, Co,Cuy)2Asy (z ~ 0.022)
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Figure 6.12 Lattice parameters of Ba(Fe; ,_, Co;Cuy)2Asy (z ~ 0.022)
series, a and c¢ as well as unit cell volume, V, normal-
ized to the values of Ba(Fey g,6C00.024)2A82 (ap=3.9598(6)A,
co=13.0039(30) A) as a function of measured Cu concentration,
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series from 2 K to 300 K. For Ba(Fe; 4;5Co00.024)2As2, no sign of superconductivity can be
detected; as the temperature goes down, the resistivity exhibits an upturn around 110 K
and then decreases with further cooling. When Cu is doped into Ba(Fe ¢;4C00.022)2As2, the
structural / magnetic phase transitions are suppressed to lower temperature and evolve in a
manner that is qualitatively similar to what is found for other TM dopings. Fig. 6.13 (b) shows
the derivative of p(T')/psoor. Similar to Co, Ni and Cu doped BaFesAsy, two kinks can be
seen to separate and drop as more Cu is added. For intermediate y values, superconductivity
can be stabilized. Fig. 6.13 (c) shows an enlarged plot of the low temperature, p(T")/psoor
data. When y = 0.019, zero resistivity is detected below 9 K. T, reaches a maximum of 12 K
for y = 0.026 and drops to 8.3 K for y = 0.032 and 2 K for y = 0.043.

Fig. 6.14 (a) shows the M (T")/H data taken at 2.5 mT with H perpendicular to the crystal-
lographic c-axis of the Ba(Fe,_,_, Co;Cuy)2Asy (z ~ 0.022) series. Superconductivity can be

clearly seen in the field-cooled (FC) and zero-field-cooled (ZFC) data. Comparing the low field
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Figure 6.13 Ba(Fe; , ,Co;Cuy)2Asy (z ~ 0.022) series. (a) The temper-
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ature values. Each subsequent data set is shifted downward
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M(T)/H data with the ones in Ba(Fe, _,Co,)2Ass [34], we can see that these two series have
very similar superconducting volume fractions / pinning. It is worth noting that, as a ”reality
check”, since the superconductivity in Ba(Felf xﬁyCO$CUy)2ASQ series has a superconducting
volume that is comparable to that of the Ba(Fe, _,Co,)2Asy phase, superconductivity must
come from a bulk phase. = The width of the superconducting transition shown in Fig. 6.14
(a) is not as sharp as that found for Ba(Fe,_,Co,)2Asy samples, this could imply that the
Ba(Fel_x_yCoxCuy)QAsQ samples are not as homogeneous as Ba(Fe;_, Co,)2Asy ones. This is

consistent with the WDS measurements, summarized in Table 3.2, which, although showing a

homogeneous Co concentration for the Ba(Fe, _ Co,)2Ass and Ba(Fel_w_yComCuy)gASQ series,
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Figure 6.14 Ba(Fe, , ,Co,;Cuy)2Asy (z ~ 0.022) series: (a) Field-cooled
(FC) and zero-field-cooled (ZFC) low field M (T')/ H data taken
at 2.5 mT with Hle. (b) M(T)/H data taken at 1 T with
Hle.

indicates that the Cu concentration has a variation of up to 10% of the real Cu concentration
in both the Ba(Fe,_, Cuy)2As, and Ba(Fel_l,_yCoxCuy)gAsQ series.

Fig. 6.14 (b) shows the M(T)/H data taken at 1 T with H perpendicular to the crys-
tallographic c-axis of the Ba(Fel_x_yCOxCU.y)QASQ series. The high temperature drop in the
susceptibility data is associated with the structural / magnetic phase transitions, and consistent
with the resistivity measurements. The high temperature linear susceptibility can also be seen
in this series. The magnitude of the susceptibility is comparable to those of Ba(Fe,_,Co,)2Asy
and Ba(Fe;_, Ni;)2Aso.

Heat capacity data was collected for Ba(Fe ,4C00.021Cug.032)2As2, the composition that
manifests the highest T, in this series. A clear heat capacity jump can be seen in Fig. 6.15
around 11 K. The inset shows temperature dependent C,/T" data near T.. T, and AC,/T.

were inferred using an ”isoentropic” construction [54] so that the two areas shown in Fig. 6.15
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Ba(FeO'953COOA021CUO.QQG)QASQ. Inset: Cp/T vs. T.

have equal area; AC),/T, is 7.6 mJ/mole K? with T, equal to 10.4 K.

From Figs. 6.13, 6.14 and 6.15, we can determine the structural / magnetic and supercon-
ducting transition temperatures for Ba(FelixinOmcuy)QASQ (x ~ 0.022) series. These results
are summarized in Table 6.3 and graphically presented as a T — y phase diagram in Fig. 6.16.
For the temperature indexed by *, Ts was inferred via the same way as we infer T for the
temperatures indexed by * in Ba(Fe;_, Cuy)2Asy series. For the temperature indexed by xx,
due to the nearness of T, and T, the feature of the derivatives associated with T, is not very
clear, T), is determined by the minimum of d(p/ps00)/dT below Ts. Fig. 6.16 shows that the
structural and magnetic phase transitions are suppressed and increasingly split with doping,
in addition, superconductivity is stabilized in a dome-like rangion. The phase diagram shows a
very similar appearance as the ones for Co-doped and Ni-doped series. The heat capacity data
and T — y phase diagram make it clear that bulk superconductivity can be stabilized when Cu
is present in the lattice. On the other hand, it is worth noting that the maximum 7, value is
around 12 K which is somewhat low. To study this further, a second Co / Cu doping series

was examined.
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dopant x Y p M C
T, T, Tovset qolist\po 1 T, | T,
0.024 | 0 105 99
0.024 | 0.005 | 88 78 90 79
0.022 | 0.01 80 68 4.7 0 |81 68
Cu/Co|0.022]0019| 42  29% 11 9 8.7
0.021 | 0.026 | 25 + 15* 12.1 11 11.6 | 10.4
0.021 | 0.032 8.9 8.3 10.2
0.021 | 0.043 46 2 43

Table 6.3 Summary of Ts, T, and T, from resistivity, magnetization

and specific heat measurements for Ba(FeliwinOJ;CUy)QASQ

(x ~ 0.022) series. * and **: see text.
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o
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Figure 6.16 71—y phase diagram of Ba(Fe; ,  Co,Cuy)2Asy (z ~ 0.022)

single crystals.
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6.2.4 Ba(Fe, ,  ,Co,Cuy)2Asy (z ~ 0.047)

So as to further examine the effects of Cu doping on the superconducting dome, a
Ba(Fe;_,_,Co,Cuy)2Asy (x ~ 0.047) series was also grown. For y = 0, this is an underdoped,
but superconducting, member of the Ba(Fe;_,Co,)2Asy series. The elemental analysis shown
in Table 3.2 indicates that within a single batch the variation of Cu concentration is roughly
+10% of the average concentration, similar to the variation range in Ba(Fe, , Cu;)2Asy and

Ba(Fe, , ,Co,Cuy)2Asy (2 ~ 0.022) series.

1.008 - . - T
Ba(Fe 1_X_yCoXCuy)zAs2 (x~0.047)
‘\ﬂ'; ® a A c ®m YV + |
1.004 |- * é—
oy * ¢
3] i )
1.000p = i N
° ? S
> 4 1
> 1
0.996 . ' . ' .
0.00 0.02 0.04 0.06
yWDS

Figure 6.17 Lattice parameters of Ba(Fe, ,_,Co,;Cuy)2Asy (z ~ 0.047)
series, a and c¢ as well as unit cell volume, V, normal-
ized to the values of Ba(Fe 35C00.047)2As52 ( a0:3.9605(6);1,
co=12.9916(38) A) as a function of measured Cu concentration,

YwbDs

Fig. 6.17 presents the normalized lattice parameters a/ag, ¢/co and V/V; for this series,
where ag, co and Vj are the ones of Ba(Fe g35C00.047)2As2. As Cu is doped into Ba(Fe 35C00.047)2As2,
the lattice parameter a and unit cell volume increase while the lattice parameter ¢ decreases.
Comparing with Ba(Fe; _,Cuy)2Asy and Ba(Fe; _,, Co,Cuy)oAsy (v ~ 0.022) series, the ef-

fects of Cu doping in these series on changing the lattice parameters are quantitatively similar
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to each other.

—
°®

Ba(Fe 1_X_yCoXCuy)zAs2

lLlc

Figure 6.18 Ba(Fe;_,_,Co,Cuy)2Asy (z ~ 0.047) series: (a) The temper-
ature dependent resistivity, normalized to the room tempera-

ture value. FEach subsequent data set is shifted downward by
0.3 for clarity. (b) d(p(T)/p300r)/dT for y=0 and 0.0045. (c)
Enlarged low temperature p(T")/ps00k -

Fig. 6.18 (a) shows the normalized resistivity of this series and Fig. 6.18 (b) shows
the enlarged, low temperature resistivity data that emphasize the superconducting transition.
From the resistivity data, we can see that Ba(F80.953000_047)2ASQ is an underdoped compound
with Ty, = 64K, T,, = 48K and T, ~ 17K. With y=0.0045 of Cu doping, 7. increases
to 20 K and the structural / magnetic phase transitions are suppressed to such an extent
that only a resistance minima is detected before superconductivity truncates the rest of the
low temperature resistivity data. The superconductivity feature can be more clearly seen in
Fig. 6.18 (c¢). y=0.019 of Cu doping decreases T, to 15 K, there is no longer any sign of

structural and magnetic phase transitions, and the resistivity has a roughly linear temperature
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dependence above T,.. With even higher Cu doping, T, is suppressed to about 5 K for y=0.036
Cu doping. For y=0.046 of Cu doping, no zero resistivity in our measured temperature range

can be observed, only some resistivity decrease around 2 K can be seen, which might suggest

the onset of the superconducting state. For y=0.058 of Cu doping, there is no sign of a

superconducting state.

T T T T T T T T T 10 T T T T
Ba(Fe, Co Cu )As |
Xy T Tk Y22 Hic H=1T
x~0.047 |
Hlc H=25mT
FC
- s—
— [
R ud -
= u !
=| £ i
| PO
S | " y=0034 _T; I'o.0045
19 ,
.04
1+ 0019, 38} 1

5 0 100 200 300
(b)
Figure 6.19 Ba(Fe;_, ,Co,Cuy)2Asy (z ~ 0.047) series: (a) Field-cooled

(FC) and zero-field-cooled (ZFC) low field M (T')/ H data taken
at 2.5 mT with HLle. (b) M(T)/H data taken at 1 T with

Hlcfor 0 <y <0.034.

Fig. 6.19 (a) shows the low field M(7T")/H data for this series taken at 2.5 mT with H
perpendicular to the ¢ axis. In FC measurement, the diamagnetic signal of the same magnitude
found for Ba(Fe,_,Co,)2Asg, suggests the same degree of the bulk superconductivity in these
samples as is found for the Co or Ni doped series. The T, values inferred from the susceptibility
data are consistent with the resistivity data. Fig. 6.19 (b) shows the temperature dependent
M(T)/H data taken at 1 T with H perpendicular to ¢ axis for 0.034 > y > 0. For y =0, a

clear drop around 60 K can be seen in the susceptibility which is consistent with the structural
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/ magnetic phase transitions seen in the resistivity data. The second, lower temperature drop,

around 20 K, is associated the superconductivity. With Cu doping y > 0.045, no structural

12f ~ 240+ N
X a
| |
S 200t
(S b
= | |
2 160}
—_ 8 -~ ,. -1
X = Ve
2 0~ 120}
£ A A o
3 10 12 14
o 41 T (K) 4
- Ba(Fe,, CoCu )As,
x=0.047 y=0.019
0 1 . 1
0 5 10 15 20 25
T (K)
Figure 6.20 Temperature dependent heat capacity of

Ba(Fe; g3,C00.047Cu0.019)2As2.  Inset: C,/T vs. T near
the superconducting transition with the estimated AC,

shown.

/ magnetic phase transitions feature can be seen although there is a resistive minima for
y = 0.0045 in the resistivity data. The high temperature linear behavior in susceptibility can
also be observed in this Ba(FelixinOxCUy)QASQ (x ~ 0.047) series.

Heat capacity data was collected for the first clearly overdoped member of this series:
Ba(Fe( g3,C00.047Cu0.019)2As2. The heat capacity jump is consistent with the bulk supercon-
ductivity in the sample. The inset shows the the enlarged C,/T vs. T data near T,. The
inferred AC,/T. from ”isoentropic” construction is 14 mJ/mole K? with T, equal to 14 K.

Table 6.4 summarizes these data and Fig. 6.21 is a temperature-Cu doping concentration
(T — y) phase diagram. It is worth noting from Fig. 6.21 that with the addition of Cu in

Ba(Fe g553C00.047)2As2, T, does not decrease but rather increasing to ~ 20K at y = 0.0045,
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dopant x Y p M C
T, T, Towet Toils 1 | T,
0047 | 0 |64 48 178 165 | 159
0.051 | 0.0045 | 40 215 204 |20.1
Cu / Co | 0.047 | 0.019 159 152 | 14.8 | 13.5
0.047 | 0.034 6 46 | 5.7
0.045 | 0.046 0 0

Table 6.4 Summary of Ts, T, and 7. from resistivity, magnetization
and specific heat measurements for Ba(Fel_x_yCOxCuy)gASQ
(x ~ 0.047) series.

80 T T T T T T T T T T
Ba(Fe1_x_yCoXCuy)2As2 (x~0.047)
u structural / magnetic
60 - [ ] O R 7
superconductivity
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20 | ) i
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=
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Ywos

Figure 6.21 T — y phase diagram of Ba(Fel_gc_yCoxCuy)gAsQ (x ~ 0.047)
single crystals.

and has a value ~ 15K at y = 0.019 Cu. These data, along with the other Co / Cu doping series
we discussed in the previous section, clearly indicate that superconductivity can be induced

and stabilized to high T, values of T, by Cu doping under well defined circumstances.
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6.2.5 Ba(Felithx)QASQ

Fig. 6.22 shows the normalized lattice parameters a/ag, ¢/co and V/Vj of Ba(Fe;_,Rh;)2As,
series, where ag, ¢y and V| are the ones of pure BaFesAsy. Lattice parameter a and unit volume
V almost linearly increases by 0.7% and 0.28% respectively, while lattice parameter ¢ linearly
decreases by 1.15% at x=0.166. Comparing with 3d Co-doping, in which at z = 0.114 the lat-
tice parameter c linearly decreases by 0.5%, we found that although Co and Rh have the same
valence electrons, the substitution of these atoms for Fe sites affects the lattice parameters
very differently due to the larger atomic size of Rh: the changes of a and ¢ with Rh-doping
are almost 4 and 2 times of the ones in Co-doping respectively which results in an expansion

of the unit cell volume in Rh-doping, but a compression, in Co-doping.

Ba(Fe, Rh )As,

1008 ¢ 2 4 ¢ m V o .
< .
@®© ® ([ ] 8

o © L .
1.000;i ., " : i
- | 4
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T A
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0.00 0.04 0.08 0.12 0.16 0.20
XWDS

Figure 6.22 Lattice parameters of Ba(Fel_thm)QASQ series, a and c as
well as unit cell volume, V', normalized to the values of pure
BaFeyAss as a function of measured Rh concentration, zw pg

Fig. 6.23 (a) presents the normalized electrical resistivity data of the Ba(Fe;_,Rh;)2Aso
series from 2 K to 300 K. As in the case of Co, Ni and Cu substitutions [33, 34|, as z is
increased the temperature of the resistive anomaly is suppressed monotonically and the shape

of the feature changes from a sharp decrease in pure BaFesAsy to a broadened increase in
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Figure 6.23 Ba(Fe,_,Rh;)2As series: (a) The temperature dependent re-
sistivity, normalized to the room temperature value. Each
subsequent data set is shifted downward by 0.3 for clarity. (b)
d(p(T')/psoor)/dT for x < 0.039. (c) Enlarged low tempera-

ture p(T')/ p3ook -

doped samples. It is no longer detectable for x > 0.057. For z = 0.026, superconductivity
can be stabilized, with T, ~ 3 K inferred from the sharp drop in the resistivity data. For
x = 0.057, superconducting temperature T, has a maximum value of 24 K with a width AT,
~ 0.7 K. With even higher z, T, is suppressed. The features of the structural / magnetic phase
transitions manifest as two kinks in the d(p(T")/psoox)/dT" plot shown in Fig. 6.23 (b). Fig.
6.23 (c) shows the enlarged low temperature p(T")/p3oox data for Ba(Fe;_, Rh;)2Asy and we
can clearly see the evolution of T, with respect to the doping level.

Fig. 6.24 (a) shows the M(T")/H data for the Ba(Fe, _Rh;)2Asy series taken at 2.5 mT

with H perpendicular to the crystallographic c-axis. A clear diamagnetic signal can be seen
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(a) Low magnetic field M(T)/H of Ba(Fe;_,Rh;)2Asy se-
ries. Inset: the criterion used to infer 7. is shown for
Ba(Fe; g5; Rho.039)2As2. (b) Temperature dependent heat ca-

pacity of Ba(Fej¢,4Rho.057)2As2. Inset: C, vs. T near the
superconducting transition with the estimated AC), shown.

Figure 6.24

in both field-cooled (FC) and zero-field-cooled (ZFC) data. Because of the low T¢ values for
x = 0.026 and x = 0.131, which are on the low- and high- x extremes of the superconducting
dome respectively, we only observe the onset of the diamagnetic signal and no large drop below
the superconducting temperature is seen down to our base temperature of 2 K. However, for
all the other concentrations, the large superconducting, shielding fraction and the sharp drop
below T, are consistent with the existence of bulk superconductivity. Compared to the low
field M(T)/H data for Ba(Fe,__,Co,)2Asy [34], the superconducting fraction associated with
the Ba(Fe;_,Rh;)2Ass series is very similar to that of the Ba(Fe,_, Co,)2As series.
The temperature dependent heat capacity data of Ba(Fe; ¢,3Rhg.057)2As2 is shown in Fig.
6.24 (b). This concentration has the maximum 7¢ value in this series. The heat capacity
anomaly is relatively sharp and consistent with the superconducting phase transition we ob-

served in both resistivity and low field magnetization data. The large arrow in the inset shows

the onset of superconductivity and 7. = 22.9 K. An estimate of AC), is shown in the inset;
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AC), ~ 660 mJ/mole K.

dopant x P M C
T, T, Tomset Tolist| 7 | T,

0.012 | 116 112
0026 | 95 8 6 3 4.8
0.039 | 65 54 182  16.7 | 145

Rh | 0.057 25 24.2 | 244|229
0.076 225  21.6 | 218
0.096 18 16 | 17.2
0.131 8.8 46 | 48
0.171 0 0

Table 6.5 Summary of T, T}, and T, from resistivity, magnetization and
specific heat measurements for Ba(Fe, __ Rh;)2Asy series.
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Figure 6.25 7T — x phase diagram of Ba(Fe,_, Rh,)2As single crystals.

Al Ty, T, and T, for Ba(Fe,__ Rh,)2Asy series inferred from Figs. 6.23 and 6.24 are listed
in Table 6.5 and graphically shown as a T' — x phase diagram in Fig. 6.25. As we can see,
although isoelectronic 4d element Rh and 3d element Co affect the lattice parameters of the
unit cell very differently, they have very similar effects on the rate of the suppression of the

structural / magnetic phase transitions and the stabilization of the superconductivity. The
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location and the extent of the superconducting domes of these two series are almost the same.

6.2.6 Ba(Felidex)QASQ

1.008 : : : : . : :
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Figure 6.26 Lattice parameters of Ba(Fe;_,Pd,)2Asy series, a and ¢ as
well as unit cell volume, V', normalized to the values of pure
BaFeyAss as a function of measured Pd concentration, xw pg

The normalized lattice parameters of Ba(Fe;_,Pd,;)2Asg series are shown in Fig. 6.26. Lat-
tice parameter a increases almost linearly by 0.6% while lattice parameter ¢ decreases linearly
by 0.5% at £=0.077. This behavior is quite different with the change in Ba(Fe;_,Ni;)oAss
series, in which a increases by 0.04%, ¢ decreases by 0.3% at x = 0.072 Ni doping level. If
we compare 4d Rh doping and Pd doping, it can be seen that although the addition of these
atoms have quantitatively similar effect on ¢, the change in a due to additional Pd atoms is
roughly twice of the one caused by Rh atoms.

Fig. 6.27 (a) shows the normalized electrical resistivity data for the Ba(Fe,_,Pd;)2Ass
series from 2 K to 300 K. A systematic behavior, similar to the Ba(Fe, _,Ni,)2Asy series, is seen:

the temperature of the resistive anomaly associated with the structural / antiferromagnetic



108

! | ! |
’ Ba(Fe, Pd ),As, _
0ft
~ |i
X |
o |t
8 i
<
=
o 2
S 0.8/
Q
0012 —+—0.0214 S04} iz
e 0.027 —-—0.030 —+— 0.043
003 —o0er, ——o0r7| [
0 100 200 300 0O 4 8 12 16 20 24

(@) (c)

Figure 6.27 Ba(Fe,_,Pd;)2Asy series: (a) The temperature dependent re-
sistivity, normalized to the room temperature value. Each
subsequent data set is shifted downward by 0.3 for clarity. (b)
d(p(T')/paoor)/dT for = < 0.027. (c) Enlarged low tempera-
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phase transitions is suppressed monotonically with Pd doping and the shape of the anomaly
changes from a sharp decrease to a broadened increase in resistivity upon cooling. For z =
0.021, the resistive anomaly can still be clearly seen and superconductivity is detected with
T. ~ 5.7 K. For x = 0.043, the temperature of the resistive anomaly is further reduced and it
is only inferred from a minimum in the resistivity above the superconducting transition. For
x = 0.053, the resistive anomaly is completely suppressed and T, has its highest value of about
19 K and a width of AT, ~ 0.6 K. With higher = values, T, is reduced. Fig. 6.27 (b) presents

the d(p(T')/psoor)/dT for 0.027 > x which are used to infer T,; the superconducting feature
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can be clearly seen in Fig. 6.27 (c).
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(a) Low magnetic field M(T)/H of Ba(Fe;__ Pd;)2Ass
Temperature dependent heat capacity of

(a)

Figure 6.28

series. (b)
Ba(Fe; g57Pdo.0a3)2As2. Inset: C, vs. T near the supercon-

ducting transition with the estimated AC), shown.

The low field M (T")/H data of the Ba(Fe,_,Pd;)2Asy series (FC and ZFC) are shown in
Fig. 6.28 (a). They were taken at 2.5 mT with H perpendicular to the crystallographic c-axis.
The broader feature seen in the magnetization for x = 0.027 implies a larger inhomogeneity
associated with this sample. Indeed, the WDS data for z = 0.027 does show local maximum in

20 values. Despite the broader drop of the magnetization, the large superconducting fraction
is comparable to the rest of the Pd- doped series as well as to the Co-, Ni- and Rh- doped

BaFegAsg results, all of which are consistent with bulk superconductivity. Again, only a small

diamagnetic signal was observed at base temperature for x = 0.021 due to the low 7T, for this

concentration.
Fig. 6.28 (b) shows the temperature dependent heat capacity data of Ba(Fe o5, Pdo.043)2As2,
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dopant x p M C
T, T, Tomset Tolisetl r | T,

0.012 | 110 103
0.021 | 90 80 6.9 4 4.2
0.027 | 67 51 143 128 | 125

Pd | 0.03 |45+ 25* 18 17.3 | 16.8
0.043 19 184 | 18.8 | 17.5
0.053 165 141 | 13.6
0.067 108 88 8
0.077 5.2 2.8

Table 6.6 Summary of T, T}, and T, from resistivity, magnetization and
specific heat measurements for Ba(Fe,__Pd,)2As; series.
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Figure 6.29 7T — x phase diagram of Ba(Fe;_, Pd,;)2Asy single crystals.

which manifests the highest T, value in this series. The heat capacity anomaly at T, can be

clearly seen, although it is broader than the one found for Ba(Fe; q,3Rho.057)2Ass (Fig. 6.24).

The arrows show the onset of superconductivity at 7. = 17.5 K, and the estimated AC), is

shown in the inset; AC), ~ 420 mJ/mole K.

Table 6.6 summarized all Ty, T, and T. for Ba(Fe,__ Pd;)2Asy series inferred from Figs.
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6.27 and 6.28. For the concentrations indexed by *, Ts is determined by the same way explained
in section 6.2.2. The T'—z phase diagram of Ba(Fe,_, Pd,)2As series is presented in Fig. 6.29.
The appearance of the phase diagram is quite similar to the ones of Co-doping, Ni-doping, Co
/ Cu-doping and Rh-doping series. The superconducting dome shows very similar location and

extent as Ni doped series.

6.3 Discussion

6.3.1 Comparison of the phase diagrams of Ba(Fe;_,TM,);As; (TM=Co, Ni, Cu,

Co / Cu, Rh and Pd) series

As we have seen, all the transport, magnetic and thermodynamic data presented so far
are summarized in Tables 5.1, 6.1 to 6.6 and graphically presented in Figs. 6.5, 6.11, 6.16,
6.21, 6.25 and 6.29. Good agreements between resistivity, magnetization and heat capacity
measurements for each series can be observed. The extensive measurement of over 60 samples
spanning 7 different Ba(Fe, _,TM,)2Asy series allows for the identification of some of the
salient parameters controlling superconductivity in these materials. This comparison can start
simply, with the isoelectronic Co / Rh doping and Ni / Pd doping. In Fig. 6.30, the upper
panel presents the comparison of the T' — x phase diagrams of 3d Co and isoelectronic 4d Rh
doped BaFesAsy, the lower panel presents the comparison of 3d Ni and isoelectronic 4d Pd
doped BaFesAss. Despite the generic difference between 3d and 4d shells, the effects of Rh
doping are exceptionally similar to the effects of Co doping and the effects of Pd doping are
exceptionally similar to the effects of Ni doping. At the same time, there is a clear difference
in the extent of the superconducting domes found for Co (Rh) doping as opposed to Ni (Pd)
doping.

The composite T'— x phase diagram, shown in Fig. 6.31 (a) highlights the similarities and
differences between the various Ba(Fe, _, TM,)2Asy series. Given that Fig. 6.30 shows that the
T — x phase diagrams for the 4d dopings are virtually identical to those for the isoelectronic
3d dopings, only 3d doping is shown in Fig. 6.31 for clarity. The suppression rates of the

upper phase transitions for all these different series appear to depend on x in a roughly similar
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manner. Although there is some variation (that will be discussed below) the suppression and
splitting of the structural and magnetic transitions essentially just depend on z, the number
of TM substituted for Fe (note for double doping with both Co and Cu, z is the sum of
Co and Cu doping levels). On the other hand, as pointed out above, the superconducting
dome is not uniquely described by this parameterization. The Ba(Fe;_,Co;)2Asy series has
the widest superconducting dome, ranging from z ~ 0.03 to 0.166. Ba(FelixinOxcuy)QASQ
(x ~ 0.047) has a dome extending to Ziptqr = « +y ~ 0.092. Ba(Fe, ,Ni;)2Asy ranks third
with the dome starting at z ~ 0.02 and ending at = ~ 0.075. The Ba(FelixinOmCUy)QASQ
(z ~ 0.022) series has the narrowest superconducting dome ranging from z4tq = x+y ~ 0.032
to Tiotqr = © +y ~ 0.065. Ba(Fe;_,Cuy)2Asy series might have one superconducting point
about x = 0.044.

Since the amount of TM doping is directly measured via WDS, a closely related parameter,
the extra electrons added, e, can be inferred and the temperature-extra electrons phase dia-
gram (7'—e) can be constructed. If we assume that all transition metals have the same valence
electrons as Fe for these relatively small doping levels in this work, the electronic configuration
of Co?* is [Ar]3d” and Co?** introduces one extra electron, compared to Fe?* for which the
electron configuration is [Ar]3dS. Following the same logic, Ni?* has two extra electron com-
paring to Fe?*; Cu?t has three extra electron comparing to Fe?T. This leads to extra electron
counts corresponding to = for Co doping, 2z for Ni doping, 3z for Cu doping, 2+ 3y for Co / Cu
mixed doping. This assumption is consistent with our Hall resistivity and Seebeck coefficient
measurements [55], and as shown below allows for simple parameterization of the supercon-
ducting dome. Based on this assumption, the T' — e phase diagrams are presented in Fig. 6.31
(b). The T — e phase diagram reveals several points of note. The structural / magnetic phase
transitions separate (especially Cu doping) but the superconducting domes form a much more
revealing manifold, one that collapses onto a universal curve for the ”overdoped” side of the
domes. This can be seen more clearly in Fig. 6.32 which shows the superconducting domes for
all series on an expanded scale. The T' — e phase diagram makes clear that superconductivity

seems to only exist over a limited, and well delineated, range of e-values.
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Figure 6.30 (a) T — x phase diagrams of Ba(Fe;_,Rh;)2Asy and
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Figure 6.32 T, as a function of extra electrons, e, per Fe/TM site for all
the series we grew.

The fact that whereas the suppressions of the structural / antiferromagnetic transitions are
approximately parameterized by the number of TM dopant ions, the superconducting domes
are parameterized by the number of electrons added by doping and exist over a limited range
of e-values (band filling) allows for a decoupling of these transitions as well as the under-
standing that the suppression of the structural / antiferromagnetic phase transitions to low
enough temperature is a necessary, but not sufficient, condition for superconductivity. For ex-
ample, the data from the Ba(Fe, _ Cu,)2Asy series clearly demonstrate that, if by the time the
structural / antiferromagnetic phase transitions are suppressed enough, too many conduction
electrons have been added, the e-filling window for superconductivity can be missed. On the
other hand, if we adjust the position of the upper phase line in the T' — e phase diagram by
judicious doping, so that it does not miss the supercoducting window, superconductivity can
occur. This is demonstrated by the Co / Cu doped series: although Ba(Fe 47¢C00.021)2As2
and Ba(Fe 47,Cuo.026)2As2 are not superconducting, by tuning the extra electrons added and
the position of the upper phase line, the mixed doped Ba(Fe 453Co00.021Cug.026)2As2 is super-

conducting at 12 K.
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Although x and e are intuitive parameters, there can be other ones. Lattice parameters
obviously change with doping, so changes in a, ¢, V and a/c should be compared. To make the
comparison as clear as possible, the lattice parameters are grouped into two graphs: Figs. 6.33
and 6.34. Fig. 6.33 presents the q33data for all the 3d doped series and Fig. 6.34 compares the
lattice parameters of the 4d Rh and Pd doping with the isoelectronic, 3d Co and Ni doping.
Fig. 6.33 shows that whereas there is no simple (or universal) correlation between a, V or a/c
as a function of z, the c-lattice parameter collapses onto a universal curve with respect to x.
It should be noted though, that whereas a and V' vary with z in non-monotonic fashions (and
show a range of behavior for different TM) and do not scale well with e (not shown), the a/c
ratio does show a universal behavior when plotted as a function of e (Fig. 6.33 (e)). These
results imply that we could not experimentally separate the effects of x from changes in ¢, or
changes in e from changes in a/c. This dichotomy actually results in two differing scenarios:
if x is the salient parameter, then the upper transitions are controlled by local physics such
as TM disorder on the Fe sublattice or the disruption of very short range fluctuations; on
the other hand, if the lattice parameter c is the salient variable, then details of band structure
(nesting or not) or degree of As-As bonding across the Fe-plane would be more likely to control
/ affect the values of the upper transition temperatures.

Fortunately this ambiguity is resolved if we compare the lattice parameters of 4d Rh and
Pd doping samples with 3d Co and Ni doping as shown in Fig. 6.34. Although the isoelectronic
pairs have identical T'— = (and also T — e) phase diagrams, Rh and Pd change the BaFesAsy
lattice parameters in distinctly different ways from Co and Ni. This is shown in Fig. 6.34; by
tuning to 4d-doping, we can actually distinguish between x and e on one hand and ¢, a/c on
the other. The lattice parameter ¢ decreases with all dopings and the ratio of a/c increases
with all dopings, but in both cases there is a clear difference between the 3d- and 4d- data
sets. Changes in ¢ and a/c no longer simply scale with x or e respectively. This decouples
these two different parameterizations and leads to the statement that the upper, structural
and magnetic phase transitions can be parameterized by x while the superconducting dome

can be parameterized by e, they are no longer universally parameterized by either ¢ or a/c. It
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is still possible that some other structural parameter, such as bonding angles associated with
the As position, offers better or alternate parameterization of these transition temperatures,

but these data are not currently available.
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Figure 6.35 T —1T,, as a function of T;. The data points from the samples
indexed by ”*” and ”**” are not included.

Other trends and correlations can be found in the combined Ba(Fe;_,TM;)2Asy phase
diagram data . There is an increasing separation between T and 7;, when these two transi-
tions are suppressed to lower temperatures. It is worth seeing how the the separation evolves
quantitatively. Fig. 6.35 plots the separation, (Ts — T};,), as a function of T for all the series,
the data points indicated by * and ** in Tables 5.1, 6.1-6.6, are not included. We can see that
(Ts — T)y,) for all the series evolves with T in similar fashion, but with some spread. At a gross
level, it seems that Co and Rh split the transitions a little more slowly than Ni and Pd.

Ts and T,, offer alternate variables for the parameterization of T, but only for under-
doped samples. Such a parameterization is consistent with the idea that superconductivity is

stabilized by suppressing these upper transitions. The potential appeal of this scheme can be
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seen in Fig. 6.32, where T, is plotted as a function of e for comparison. As discussed above,
there is excellent agreement of the T, values when plotted as a function of e in the overdoped
region but the data do not collapse onto a universal curve in the underdoped region. If
as pointed out above, the behavior on the underdoped side of the superconducting dome is
associated with the need to bring the upper transition to low enough temperature, so as to
allow the superconductivity to turn on, it is worth examining the correlation between T, T},
and T, more directly. Fig. 6.36 (a) and (b) plot 7. as a function of T, and T, respectively.
Both plots show a clear correlation. A more graphic way of examining the correlation between
T, and Ty (T},) is to create a composite diagram for the Ty (7,,) > T. data by adjusting the
x scales for the Ni, Rh, and Pd data so as to collapse the T and T}, phase lines onto the Co
data set. This is plotted in Fig. 6.36 (c). As we can see, a clear consequence of this is to bring

collapse the T, data onto a single phase line as well.

6.3.2 Anisotropic upper critical field H.

As we have seen in the previous chapter, Co-doping and K-doping [144, 145] in BaFeaAss
have quite similar H.s curves. Both of them have a relatively small, anisotropic parameter ~.
Given the similarities and differences between the Ni doped and Co doped BaFegAsy systems, a
comparison of the H.o(T) curves, which reflect the properties of the superconductivity in these
two systems, is desirable. By comparing the T"— x and T — e phase diagrams for Co and Ni
doping, two Co dopings are logical comparably for optimally Ni doping, Ba(Fe, g5,Nio.046)2As2:
the comparably doped Ba(Fe; ¢53C00.047)2As2 which has a similar T,, and the near optimal
doped Ba(Fe 94C00.074)2As2.

High magnetic field anisotropic H data taken for Ba(Fe| ¢5,Nig.046)2As2 in the magnetic
field up to 33 T are summarized in Fig. 6.37. Two samples were measured. The upper
panel of Fig. 6.37 presents the R(H) data taken from 11 K to 19 K with 1 K steps for
Hlc. The onset and offset criteria are shown. The lower panel presents the R(H) data

taken from 5 K to 19 K with 1 K steps for H||c. Temperature dependent H.y curves for
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Figure 6.37 R(H) data of Ba(Fe g5,Nio.046)2As2 with H Lc (upper panel)
and H||c (lower panel).

Ba(Fe g5,Nig.046)2As2 are presented in Fig. 6.38 in comparison to Ba(Fe ¢55C00.047)2A52
(Fig. 6.37 (a)) and Ba(Fe; g94C00.074)2As2 (Fig. 6.37 (b)). A clear result of this comparison
is that the anisotropy of the superconducting state is not defined by x, but rather by the low
temperature structural / magnetic state of the system. Given that the addition of Ni suppresses
T and T}, slightly faster than Co, anisotropy of near optimally doped Ba(Fe, ¢5,Nig.046)2As2 is
virtually identical to near optimally doped Ba(Feo.926COO_074)2ASQ as indicated from Fig. 6.37
(b) whereas it is almost 2 times larger than the underdoped Ba(Fe ¢53C00.047)2As2 as shown

in Fig. 6.37 (b) despite they have similar doping level and T.
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6.3.3 Universal scaling of AC,/T at T, [54]

A final notable feature associated with superconducting dome is the observation that the
specific heat jump, AC), /T, varies non-monotonically with z, but is roughly symmetric with
T, giving AC,/Tc o< T? [24, 25, 34, 35, 36, 54, 159, 160].

Fig. 6.39 (a) presents the values of AC,/T. as a function of x of Ba(Fe;_,TM,)2Ass
(TM=Co and Ni) series. T, as a function of the doping concentration is also presented in this
figure for comparison. AC,/T. rather than AC,/~T, is plotted because it is hard to make a
reliable estimation of the normal state Sommerfield constant v due to the high upper critical
field values in these samples. It can be seen that the AC,/T; has a dome-like appearance as a
function of x. The largest value of AC),/T, is almost 10 times the smallest one. This feature is
less likely due to the inhomogeneity of the samples since the WDS measurements summarized
in Table 3.1 show the error bars including the instrument error is less than 5% of the zwpg
values for Ba(Fe;_,Co;)2Ass series. On the other hand, this variation could come from the
change of the density of states (DOS) at Fermi level. If we assume AC), /T is a constant, then
the Sommerfield constant v in the normal state at z = 0.058 should be 10 times smaller than
the value at © = 0.038. Since v can not be obtained reliably from experiment as we discussed
above, it is hard to fully exclude this possibility, but this hypothesis is inconsistent with the
band structure calculation for pure BaFegAsy [161], which does not support a dramatic change
of DOS at Fermi level with small amount of doping.

AC), as a function of T is plotted in Fig. 6.39 (b) for a wider selection of dopings. AC),
data fall onto a universal curve, which monotonically, but not linearly, increases with 7T, from
20 mJ/moleK around 10 K to 700 m.J/moleK around 24 K, no matter which dopant we used.
This universal curve can be described as a T2 power low. This can be more clearly seen in a
log-log plot as shown in Fig. 6.39 (c) where several more data points from K-doping [25] and
other groups [24, 159, 160] are also added : a T3 relation is found over two decades in AC,/T,
and over one decade in 7T,. These data are note worthy and are currently motivating several

theoretical studies [162, 163]. These data have also been reproduced by other groups [164].
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CHAPTER 7. Summary and conclusions

Singlecrystalline BaFes Asy undergoes strongly coupled tetragonal to orthorhombic / para-
magnetic to antiferromagnetic phase transitions at 134 K and can become superconducting
under doping [23, 30, 31]. To study the correlations between the structural / magnetic phase
transition and the superconductivity, seven series of Ba(Fe;_,TM,)2Asy were grown and char-
acterized by microscopic, transport and thermodynamic measurements.

From the study of Ba(Fe;_;Coz)2As2 (x < 0.166) series, we found that the substitu-
tion of Co for the Fe site monotonically suppresses the structural / antiferromagnetic phase
transition at an initial rate of roughly 15 K per percent Co. As Co doping was increased,
two features associated with the structural / magnetic phase transitions were found in the
temperature derivatives of resistivity, magnetization and heat capacity data, indicating an in-
creasingly separation of structural and magnetic phase transitions. It was later confirmed by
neutron scattering measurements that the higher temperature feature is associated with the
structural phase transition whereas the lower temperature one is associated with the magnetic
phase transition. In addition, superconductivity can be stabilized in a dome-like area in the
temperature-doping concentration (7' — z) phase diagram. It shows up at low temperature for
x > 0.038, goes through a maximum and completely suppressed again by our highest doping
level of x = 0.166. The maximum 7, values (~ 23 K) are found near x ~ 0.07, where the
structural / magnetic phase transitions are completely suppressed. The T' — z phase diagram
of Ba(Fe;_,Coy)2Asy clearly shows that superconductivity can occur in the orthorhombic /
antiferromagnetic phase as well as the tetragonal / paramagnetic phases. This is indirectly
confirmed by the high magnetic field anisotropic H.o measurements which clearly manifests a

~ 50% smaller anisotropy in the lower Co-doped samples, undergoing the structural / magnetic
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phase transitions than the one in the higher Co-doped samples remaining in the tetragonal
phase.

The T — x phase diagram of Ba(Fe;_,Co,)2Asy reveals a clear correlation (and possible
interaction) between the upper structural and magnetic phase transitions and the lower tem-
perature superconducting phase. To understand these more fully and thus shed light on the
occurrence of superconductivity in BaFesAso systems, an extensive experimental effort was
made on the other 3d, and 4d transition metal, electron doped, BaFeyAs, series. Over 40
batches of Ba(Fe, _,TM,)2Asy (TM = Ni, Cu, Co / Cu mixtures, Rh and Pd) single crystals
were grown and characterized. All the structural, compositional, transport and thermody-
namic measurements enabled us to determine the temperature-doping concentration (7' — x)
phase diagrams for all these 3d and 4d, electron doped BaFes Ass series. We found that whereas
the structural and magnetic phase transitions in BaFe;Ass were monotonically suppressed and
increasingly separated in a grossly similar manner with increasing doping concentration for all
these dopants, the superconducting domes act quite differently, scaling with e: the number of
extra electrons added by the doping, at least on the overdoped side of the superconducting
dome. The superconducting domes are almost identical for 3d Co doping and 4d Rh doping
with the widest span of x, whereas for Ni doping and Pd doping, the spread of the domes is
roughly half as large. When it comes to Cu doping, the superconducting dome, if there is one,
shrink to the smallest one with only one concentration showing zero resistivity at 2.1 K.

The fact that the upper, structural / magnetic phase transitions, appear to be suppressed
by the number of dopants while the location and extent of the superconducting dome scale
with the number of additional electrons leads to the understanding that the suppression of the
upper (structural / magnetic ) phase transitions is a necessary but not a sufficient condition for
the occurrence of low temperature superconductivity. There exists a superconducting window
(a limited range of the number of extra electrons added), inside which superconductivity can be
stabilized if the structural and magnetic phase transitions are suppressed enough. Therefore,
we can actually control the occurrence of superconductivity in electron doped BaFesAsy by

changing the relative positions of the upper phase lines and the superconducting window with
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different combination of dopants. In the case of Cu doping, too many extra electrons are added
per Cu dopant, the upper phase line just overshots the superconducting window, leading to
an essentially non-existent superconducting dome with only one concentration showing zero
resistivity at 2.1 K. If we dope Co into Ba(Fe,__Cu,)2Asy to adjust the upper phase line and
the number of the extra electron added, the superconducting dome becomes wider with a higher
T.. Further examination of Ty, T;, and T, in the underdoped regime for these series reveals
an essentially linear relation between Ts / T, and T, which indicates a clear correlation
between the suppression of structural / magnetic phase transitions and the stabilization of
superconductivity. These observations all support the ideas that superconductivity exists over
a limited e-value region if the upper phase transitions can be suppressed to low enough values.

However, at this moment ”low enough” is only a qualitative concept rather than a quan-
titative one. It may be associated with reducing the size of the orthorhombic distortion and
ordered moment ”enough” or preserving enough of the magnetic fluctuations associated with
the tetragonal phase to "low enough” temperatures. It is unclear if there are universal pa-
rameters to define "enough” at this moment. What’s more, when we dope transition metal
elements into BaFesAss, we not only add extra electrons and change the DOS at Fermi level,
we also introduce magnetic / nonmagnetic impurity scattering into this system. Since Fe pnic-
tides have S1 order parameter proposed [82, 83, 84, 85, 86] and possibly have a multiple gap
feature [51, 52, 165, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176], it is hard to estimate
the effects of impurity scattering [177, 178, 179, 180, 181, 182]. However, we need to keep
in mind that although the valence electron count picture is plausible as discussed above, the
pair breaking effect due to magnetic / nonmagnetic impurity scattering is not excludable for
explaining the difference in the maximum 7,.. To answer these questions, further microscopic
investigation of the magnetic moments associated with the dopant and the investigation of the
density of states in these systems is required.

In the course of this work I have grown approximately 350 batches of samples and stud-
ied microscopic, structural, transport and thermodynamic properties of the majority of them.

During the process, I have learned techniques of high temperature solution growth of single
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crystals, solid state synthesis, wavelength dispersive spectroscopy, as well as electrical resis-
tivity, magnetization and heat capacity measurements. In addition to the studies performed
in this thesis, I have provided samples for approximately 20 different groups for scientific col-
laborations locally, nationally and internationally. These collaborations resulted in 57 papers
submitted for publication outside the scope of this thesis, including 3 papers in the review
process in Nature and Science, 8 published in Physical Review Letter, 35 published in Physical

Review B [25, 34, 35, 47, 48, 49, 50, 52, 53, 54, 130].
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