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NMLUN'DY 12N 12AYN YNINNY 212 N1 MpN DN NNYPRIVIRN I¥PNN
MMLUNON N DMNOPYON NIYPXIVIXR OXNIVIO S NAmUDN  .WwiIaM

.ab NN n NONLINIRN TVNID MYYAX] NIXINN N'ONA0PNN
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NMUNON N NMY"DN ,NOIPDIXRAN NYXPDA NN NNYXI0PINO
.NMLIDNLVN MDY DV ,Hspr N2VYNAN DT D 1DV NX M2'0VPNA 221, NIMynn
,UDOXRN "NDWN"N VIAp ,NIX9N 1avn NTPAY NOIYNN NMApnn Dy
MY Y 1MDDINN NX 122 DA L[11] 05yn 90N €, = Z(6yy + Cyp) — G
NIMOIXN 1T T2 .amNAY NT2%0 YTpina 1255 DND WwOXM ,00pYON
Y XY NYOIN 1D N1, Hspr MIXQ 1NN N'OMPN DI MI9OY S NDTan2
mNIpya DN NY91IN 12MNT NN 0K N02AN N'¥0PYY A¥P1 ,NNr0IAN2
L2NMINN N'¥OPOIN AP
o NN "N NN 2apnn Mynb WiaM niann navnn p
.Csq71 Ces ,Ci1 :DMUDOXN D'WI12PD DM "WI1IAM MDA NOINN NMANIXRN
Csq1 (shear) N man 21Mn XN Ces ,(compression) NO'NTN 1N XN Cy1 TWXD

:[11] N"MLNDNLA Hspr N2VYNAN DT MIYN NIX D2P1 NXRYIND .NDWNAN 217N XN

T,(n)-T o 4’ A’

: 5i.1

Hgp = A(U)

NXIN A .k INTID-212%2'2 10N1D21 n -2 DMONN DI DN T = T -1 A IWXD
110 L -1 ,N'00p '01aN U DTN XN ¢o ,ab M D S N Tnin pniy
MOV19 MDY MM0POXN HYN-ND™1N NN 1Y DX 1TaNN M 0nN19
NN NNSXI0MHON
TAY NPYPXIVIRD ONOVIMIRN 22 Npn |, Lax»SriCu0s4 NN
2V-2'21n% MmoiX) d-waven NMUN'OAK (nodes) MU>21 X' D'OPLINN
X2 ,Ba(Fep.925C00.075)2As; YNNA .[37] gapn N'A1AaxX2 (cupratesn NNOwNN
S- NMUNDY NN XN NXIN 2DD1 d-wave NMUN0Y NIMTY N2 TV 1X¥N)

NMpPNR DI0PY9N 2 NPYPXIVIXIAY N'ONLIMNIXN N TNINAY NX) .wave
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oY N'YNa0LN NMLN'Y N'RNAN L[38] N1 N1N'nna fourfold

[39] wraan 2w

Hon 12 MINPIANN ,T-2 MIYND Tpy -1 Hy :N2N01IXN MITMPA NIX D'WSN 1IN
AKX DITRN NAXNNN 1P .12N0 NXON 12YN 1P NX MIM¥AN MMPAD |, Hpeak-)
2V DDIANN 19X NONIIX MMPAY "0MXN NRXNN 1P 10 (4d.iv p19) 20 'On
NN T NNXNN .ANRXNNN MONT9 DN To-1 v ,A XD ,(5i.1) NN
MOMLINIXN VN9 ,[11] MpPRA NI 9D .v = 0.95 -1,Tp =23 K~ 0.92 T,
1DV D X¥N1 Nr 2R N NN . Te-1 A DMUMIDN NNXNN NN 21PN N1 1
Laz- 2N n A1 To/Te ™2V 12 XN . = 0.04 NoNMLINaxn 10N S
La,-xSrkCuO4 -2 12/ , 01T 021V NN Ba(Fep.925C00.075)2AS, 1NN S CuO4
¥ D901 DMUNID] X¥N1 OO 'NT .[11] v = 0.95, n = 0.03, To = 0.9 T,
-2 0N91 L, (NNXNN2) 25 K -1 30 S 1ayn NN1019N0 120 ,0Mwn
.(NNXNN21) 65 -1 75 XTI

-0 NNOwNN SyY-"22112 1aya N9% L, VIAM-Myn 100 N 2N 1avn
nMUN'O X ,gapn NMIXA s-wave NMLNAO "HYaD D'WITN borocarbides
1» ,borocarboids-2  wnnn%  Ma2a.[40-41,36 ,12], 'n19 mnna fourfold
DXNNA 2%y viow Sya ,Ba(Fep.925C00.075)2AS-21  LaSrCuO4 -2 Navnn
MMVISNLVA NONN (V1I2M) INT NMUN'0N ATRON D NMXIT INNNN NMoYH
-'X DY N ,borocarboids "NIN2 12ynn 1 ¥ MrNn VI9win N NN
-1 LaxxSrCuOs ™ pPOND N IXon 198 DMNIN2 ¥nN 1ToN
NYXIVMDOY ,0a NN AN "D"P2" 0NN XN 92D |, Ba(Fep.925C00.075)2AS:

CHTS2 AN Nr02IT N'OIPDIXAN NOXPDA NI'NON
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Nan Ark9 avn wNnn o Ba(Fep.925C00.075)2As; 1NN D D'NMN 11X
La,--2 121D MaNn 'TN MMpa S5Y DDANNA V1AM MY/ Myn iwn
YN MNIPYN Y 12-1ND1 MNr0aNN NMNipya NN SY 1Pyl ,SrCuOy4
12X ,NDDI ND'MAND .M2N kD 1avn LaSrkCu04-2 0pnn 19 Sy H-T
small angle neutron NMY¥NX2 NINNXY WYIY phnn MMAY DX 082N
scanning tunneling microscope -1 [12] Bitter decoration ,[12] scattering (SANS)
19X pnn MMAY .Ba(FeixCox)2As; NmT NN Dy Dnina [13] (STM)
M7 [12] Mpna 0NN 02NN N2 MISN D0pH90 MY N12an5 D XN
,~ 4 mT D NnLA N'ON' 021N MTYA D'N0PHY9 MY DY nwn T DY
2V1 D'N0PHYO MY D'pPNN ~ 9 T S MMV D' MTA D NNT [13] ipn
NO¥IY N NI N1an NXN [13] Mpna OXINRN N1ann .o ¥R 1T

AToN XD 'W1aM N12N5% Nk 2Np XM [12] 0011 mTeAa
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D1D'0 .6

TAX 22 Nromnn Nronaxn pna ATpnnn r nmay
JNINN 02N DT NMIPND NNr0an MmN 192N Ba(Fep.925C00.075)2AS2
N9 NTPA ,N'Yr0IANN MNPV Y XY RN 19X TITTN R0 NMo1onow
NNOPOIN A¥p MSN2 DN’ NPT ,NNIV9NLA NYrLIANN S MYN2
.NN1LDNLIY NN DT SNNINAN

%Y Viow mHya  nmivp Mnipy a¥n  H-T i Nroniaxn Dipn
MIYOXN NX NY%1 N10NDNLA 1D PN MYN .AMLVIDNLA PN MM
21N 21PN DMDPH9N VN2 1TO-'X — 1T0 12YN DY NMONIXN DX WP
NoOMIXN S NI2NINNN 2 X¥N1 20 T 0" DR NNV .cuprates-n
-0 NNONN Lay,SrCuOs Syn-121m S 111 Ba(Fep.925C00.075)2AS, -1 19%1Y
1200MMNN Y S DMINK DM0NI9 2 D2 20 T X802 1D 11D .Cuprates
La,xSrkCuO4-2 19¥I NI'OMIXN AXTIZ-22812 JUND NaynNn NNVIONAL
NTDO SV N D0PHY9N MY D 12N AKX 12ynHY DNIYPD 12V w9
Csquash — "UDIXN V12PN ¥ 1NIDDOINNN NXKIND 'W12M NTO SV My 1Myn
La;--2 12NN 1aynn IXMY NNNI9 WX MIXTNINY 1'X%0 11 nmava J[11]
NXIN XD Ba(Fep.925C00.075)2AS2 -2 Jaynn MIX'ND 20N NNXNN S CuO4
2 NX¥NIN NP — N'LANN NNOPYIN DY DINYNN NP ZNNND NNim
N9 MTTNA XI¥ND TWOX N1 1avn5 m1 .SMP-N S win X' onset-n

D102 MTZ21 0D MT2 N N1an DY wnasn awx STM-1 Do

37



JIN02ANN MTTAN S NIponn DX 1125 NN SV Ba(Fep.25C00.075)2AS,

TMNN SY onn NN X TN T Nmay - 01000

12 "ATN NX D2 12 D1, Pnictides -0 NNown Nwnn Ba(Fep.925C00.075)2AS:
ANN2¥A UMD ,Nayn NM0N9NL) La,SrCuOs4 2% 12 MNMoA NN
NMLdNLA NTY ¥ Npin MYm [ fourfold MMV ,ANN SMP IXT1D
,2INXD NRSNA Ba(Fep.925C00.075)2AS2 -2 SMP-N S nianann L(T-H Nnxax' T
MON V12M-1ynN 2101 12N k9 1aynY NrOMX NMIMNN DY N'0I0DONP

.To < Tc NMVYDNLA INDOXNM NAYNN DT S NN1VIDNLA NPIN
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Generalized Inversion Scheme "% N"U™MPN DN N1DOY

NN NNOP2IN A%P D NNYD 21PN ,MiN1ax NTMVNNLA HY-2'21N2

D*TTRIN DM D XN [23] Yeshurun ef a. .0TTNN Q%P2 DN NN
DN MDD DN DMNX NNy D1I0R NN MMVN9NLA Hy-2'21N0
2VUnN-D0m%  (0MOXINNIAPN) N 10NN SY-00mS Taa JnoMpn
SV P X NIPOXA NN 1aynn NN109A0 NN MMv1DNLa
,[20-21] Bean TN "9 Sy DM M9'OY 212N ,00N NIXRYIND NN NK0PN
,NM22 N1MLONLA HY-"2'2112 OMVD'NN NX21 S Ny Sy DOANAN
2N KD 0NN S N'OMpn DM MOOK DY DX 2N XD 550 N
Generalized Inversion -n NU'wA wnNNen J(T) NOMPN DM NDOY
N'YOPYY MTTN DY NDOANM [42] Schnack et a/ *T SV NnNM9Y ,Scheme”

.D2TA NNPLAANN DY

:Generalized inversion scheme -0 DLW

DMUMD MY NIV NMMONN NMY20PXN NMNIX DX XLAD NN

A
-E-%%thl: =) V1P NYN 01N DT PR D Mmooy w1
2]

NMO9OY 2 ViIapn DN - Q ,MONIXA MUPD - A ,N¥9PN 'O NN'NN - K
.TTNIN 020N VINING j DM
;XN N'O10N NXNNAN NX 2N U M In nSyon

(L B:T) = (KT (5a.1)
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& Sl:'l

. :C VN9 XD
oz}

M0ONLAMHON X €=l (
B

JNMLIDNLN D22 NNFIDYY D NS »° ‘;—E nx

XN 210N 1N 952 M0 1T NNHINA NQNDH NINM Y0P XN NMNIX 2
U5, T) = g(Ts BIF (T (5a.2)
Jde=0 Ny MmN NOMpn DI M9OY - o - i KD
NOXPTO mynwn 0 f -1 g S n593n0% paw D LA =0 nr nnpna

. g(0H) = 12D y1pH Hom

2N MVAN NX 2N I (T) 95 In () SNt 2 10MY 110 P2 DRI

4 gl (5a.3)

i i
"IN 0N Yon D7 je 1K g DX MM N ,MD1NIN NMMvNSNLN DiINN2

MNOPOIN A% XINRWKD (= umr_m"' ¥ :::—'g :C v1apH M0 Hapa

nuAN NROPOY MITTN NN ¥YoN5% N C1 R 5w DDy NX .Sniann
.DOX NMVIDNLVS NEIDIVOPX T SV NN MNVIDNLVI

XN 191X XLAY MM LUe N5 MR DX [43] pn 9%

Dhm -1 ,p. €)= [1+[;:}2]:[1—[r1E E]m WK b, ‘lliﬁ]

N9 MY D TAM-NON) DN0PYON NN 9 Y D'WAapIN DMUN9
NTDI%N PN DNMNNPAN 191X 9 SV (MMMMN 1y DTN oY

(2172 TAXND1 NIDOPHD DY VP TARND ,TTIA NOPH9D)
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ML .A¥A0TNXT DA D% A XI¥ND D01 A(T) NX ,NYD
NY¥MIN UMD XN T IWKRD T; - D NTIVIDNL TYY TA 1TTTNIY NNMLIDNLN

s (T D N0y DX X1¥N5 D212 NxaN N'DYAN NNon o w1 .(i=0,1,2.....n)

i S e i ot in (e R ir o) - Q)
.- n-h g 7 ]
1 (T = 1,(T)exp g G o 4B (5a.4)

1 £(€) D& DMIPNN DDWN DR KISND P12 M YD g = == g wKo

1Ay ML 4TI @(T)-2 NRNN N'¥21900pK Y8 w0 N 25w L 4,(T) -
20111071, I S DWH N 1 S 1Dy ,0OX N0DNLA . T=T, -1 T=0

:27202'K2 Iy T DY NvON DX DOwNH

090 e 5
f; ET} - .ff:ﬂ‘}!xp- G PR T = (5a5)

: Ba(Fep.925C00.075)2AS; 21NN GIS NLW Dw?

DT NN10N9NLVD N'VANN AYOPYOIN NTTNY O DO DI 8D

NX .NPT S¥ NNAT 2%p2a MpT 20-2 5200 NTTAN At .0'wiap 1¥N 01N
12 'XINN NX DMMpn DX TINK N1 ¥OP2IN MUNID NX 12-1ND1,C viapn
mTMm NNIVI9NLVN 9D MY VIAP MOIN DD IKD DTN NXDYN 2QYp

NTY NXOYN "A¥p NYIp woOXN 1'% SQUID Yumivaana winw .0m»pin

&

Y12p == MM Y NYyap XN [43] Mpn 9 Sy 1 yad Nnton 1571 Dyip

MYH NN Sy D X¥Nl ,Ba(Fep.925C00.075)2AS; YAINN MY ."2NNN 92 1MIkD
T NOWA PN WOXD NIN DY y¥AXN MO Nl Y N2Y 22 N RN Sy

AN DDININ NMUIDA0N DY P ,IWOXRN IO AN NTMIVNDNLY NNV
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;)2 DX ,NDXWN NOxwa .7 — 20 K

X' 1T NORE/HY nawnn 22 K 7120 ONT M2l NN1vDnLua MTnD X2 Vi
ML Y'OIN NN ,N¥rLIANA N XN DY Mipn Sy Tinb% unony
1V NI9DIIN NPYaN NNX 9012 .21pa 15 K -0 D110 mmononon
S HnMann N¥OPYIN AYp "IN NIMOVNDNALN NVAY NTAIYN NN™N TTINNN
1221 5T X XOX ,NMLIDNLVN NTY' DY DOXD ORI 1R (GIS "MXM "95 R)
LDOXD NI TN N'NNN NP 1R 198 0DDVA VIapHh o N XH
2P ,0'o1wonn 52 NN GIS NMIXNA Ny MV 120500 19X D'XIN2
OPMXITA N'NrLAND PN X'WN DY 1Mpn OXN AN 52p% 501 Ty 210

DPNN MMLIDNLVN NNV ,NVIDNLAY C VIAPN MIYN Na¥IN 21 'DN X2

NN, DOXD MIT NY919T00PK T Dy NIKTYD 1NN .%%- gonat "NINN NX

oW 1pn ViIow T HY DA Xi8n% N C S 10y Nk .aNpa 24 C Sy 1Dy

_dmi g

N N01NIN NNIVDNUVUNY D . TIXKN NID1N]1 NNIVYYNVA = -
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Abstract

Recently, a new family of superconductors has been discovered, the iron-
pnictides, characterized by superconducting planes of iron and a pnictogen atom
group like arsenic. First studies of the iron-pnictides family have been performed
in polycrystalline samples, therefore vortex lattice studies were impeded. With
the recent availability of single crystal growing, it is now possible to study the
nature of the vortex phase diagram of the pnictides, and comparing it to that of
superconducting cuprates. This research is focused on the study of the vortex
phase diagram of the iron pnictide Ba(Fe.925C00.075)2AS, single crystal (T. ~ 25
K), exploiting Superconducting Quantum Interference Device (SQUID)
magnetometer. Our measurements have revealed anomalies in the
magnetization dependence on field, temperature and time, which in this work
has been interpreted as indicating a thermodynamic structural phase transition in
the vortex lattice.

Measurements of the magnetization vs. external magnetic field, at
constant temperature, revealed a second magnetization peak (SMP),
characterized by a minimum point at field Hon, defining the onset of the SMP, and
a maximum point at field Hpeax.

The magnetization measurements vs. temperature, at constant external
magnetic field, have shown a monotonic decrease of M while temperature is

rising. However at temperature Tynee(H), the curve is changing from a concave



shape to a convex one. The field and temperature (H-T) parameters of Tinee
coincide with those of the peak derived from the hysteresis loops.

Magnetization measurements vs. time, at constant external magnetic field
and temperature yielded another anomaly. Usually, one expects a monotonic
increase of the normalized relaxation rate S=dnM/dnt with temperature.
However, in Ba(Fe.925C00.075)2AS;, we find a monotonic decrease of S as
temperature increases. S reaches a minimum at T,(H) and then increases
sharply.

Assembling all the anomalies found in the H-T diagram of
Ba(Feo.925C00.075)2AS;, Yields unusual behavior, different from that observed in the
cuprates. In the latter, the SMP anomalies in the H-T plane are weakly
temperature dependent, for the relatively low temperatures (till ~ 0.5 T). Such
weak temperature dependence is consistent with theoretical predictions for an
order-disorder vortex phase transition [1-4]. Such a transition have been
reported in many of the superconducting cuprates, e.g. Bi,Sr,CaCu0gs [5]
Nd; s5Cep.15Cu04-5 [6] and YBaCu3Oy-5 [7-9]. In Ba(Fep.925C00.075)2AS,, the SMP
fields characteristics are completely different as they are strongly temperature
dependent, in all temperatures range. Such temperature dependence has been
reported in the past, only in one HTS cuprate, La,SryCuQ4, and was interpreted
as signifying another thermodynamic phase transition — a structural phase
transition in the vortex lattice, from a rhomb lattice at low fields and low

temperatures, into a square lattice at high temperatures and high fields [11].



In this work, we point out on the resemblance of Ba(Fep.925C00.075)2AS; and
La,-xSrkCuOs, in many respects. For example, both materials exhibit a tetragonal
crystal structure, their transition temperature T. and their Ginzburg-Landau
parameter « are similar (25 and 30 K, and 75 and 65, respectively). Based on the
similar behavior of the SMP in both materials, we suggest that a vortex structural
phase transition takes place also in Ba(Fep.925C00.075)2AS2. Theoretical calculations
based on the structural phase transition scenario, are predicting a strong
temperature dependence of the transition line, which can be well fitted to the
experimental transition line found in Ba(Fep.925C00.075)2AS>.

Our work calls for direct studies of the vortex lattice structure in
Ba(Feo.925C00.075)2As; using, for example, neutron scattering measurement
technique. Recent studies of similar superconducting compound Ba(Fe1-xCox)2AS;
provide an hint that such a structural phase transition exists. Small angle neutron
scattering (SANS) measurements, have shown an hexagonal arrangement of
vortex lattice, in relatively low fields [12], while scanning tunneling microscope
(STM) studies, have shown a different structure, possibly a square lattice in
relatively high fields [13]. More studies are needed for confirmation of the

transition suggested in this work.



This work was carried out under the supervision of
Prof. Yosef Yeshurun
and
Prof. Avner Shaulov
Department of Physics

Bar-Ilan University



Bar-Ilan University

Magnetic anomalies in superconducting
Ba(Feo.025C00.075)2AS>

Revital Kopeliansky

Submitted in partial fulfillment of the requirements for the Master's Degree in the
Department of Physics, Bar-Ilan University

Ramat-Gan, Israel December, 2009



