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Part 1

Magneto-optical study of localized and
bound excitons in semimagnetic
semiconductor Cd..Mn.Te



Chapter 1

Introduction

A semimagnetic semiconductor, also called a diluted magnetic semiconductor, is a com-
pound semiconductor with diluted magnetic ions. Semimagnetic semiconductor enables
us to tune not only its lattice constant and band parameters but also magnetic char-
acteristics by varying the composition of the material. Hence, this compound semi-
conductor is quite interesting to study as both semiconducting and magnetic materials.
The most actively studied semimagnetic semiconductors are the ternary materials hav-
ing magnetic ions in its cation sites, e.g. AL TM,BY (TM indicates transition metal)
and AT TM,BY". For the past twenty years many researchers have devoted to study
Al Mn,BY including Cd;_,Mn,Te [1][2].

Physical properties of semimagnetic semiconductors AJ_ Mn, B! are characterized
by the combination of usual semiconductor mixed-crystal effects with special properties
caused by the half-filled 3d-shell of Mn>* cations. According to virtual crystal approxi-
mation the alloy potential should fluctuate, which is essential since it leads to the intrin-
sic localization of photoexcited excitons in these mixed compounds. The most important
physical properties are based on the strong sp-d exchange interaction between Ss-electron
or 5p-hole band states and the Mn?* 3d-electron states. Due to this exchange interac-
tion the effective g-factor of AT Mn,BY! can be enhanced up to two orders of magnitude
larger than that of A"BY!. Then this exchange interaction leads to magneto-optical effects
such as giant Zeeman splitting of valence and conduction band[3][4][5][6], giant Faraday
rotation[7][8][9][10][11][12][13], photo-induced magnetization[14][15][16], and forma-
tion of magnetic polarons[17][18][19][20]. In addition, lots of curious phenomena are
reported, e.g. photomemory effect[21] and stimulated emission[22][23][24]. For that

reason semimagnetic semiconductor alloys are used in practice as isolators, variable-



Part [ 1.1 Band structure

wavelength solid laser media, and infrared detectors.

The crystal structure of Al Mn,BY' semimagnetic semiconductor is zincblende or
wurtzite type. Ternary alloys formed by substituting Mn for the group II element in
the A"BY! lattice retain the crystal structure of the parent A'BY! compound. The lat-
tice parameters of all semimagnetic semiconductor ternary alloys obey Vegard’s law.
Cd;_,Mn,Te bulk crystal exhibits the zincblende type structure for x < 0.77. The lattice

constant a(x) of Cd;_,Mn,Te is expressed as:
a(x) = 6.487 —0.149x [A]. (1.1

Above x = 0.77 Cd;_,Mn,Te forms an eutectic.

Because of the tunability of its lattice parameter and its energy gap, the semimagnetic
semiconductors are an excellent candidate for the fabrication of nanostructures[25][26]
such as quantum wells[27][28][29], quantum wires[30][31], and quantum dots[30]. These
nanostructures of the semimagnetic semiconductors are very interesting to study for its
applications because the combination of strong confinement and sp-d exchange interac-
tion may result in unusual magneto-optical properties[32]. In recent years, semimag-
netic semiconductors have proven to be very useful in building an all-semiconductor
platform for spintronics, e.g. the injection of spin-polarized electrons into a nonmagnetic

semiconductor[33][34] or a light emitting diode[35].

1.1 Band structure

Generally the optical properties of Cd;_,Mn,Te are characterized at the center of the
Brillouin zone (I' point) because Cd; _Mn,Te is a direct transition semiconductor. Fig.
1.1 shows the vicinity of T" point of the band structure.

With zero magnetic field, the conduction band (I'g, 5s orbit) is twofold degenerate
(J = 1/2). The spin-orbit coupling splits the valence band (5p orbit) into two energy
levels. The upper valence band is fourfold degenerate (I's, J = 3/2) which is composed
of heavy holes (m; = £3/2) and light holes (m; = +1/2), and the lower band is twofold
(I'7, J = 1/2). The energy of spin-orbit interaction is Ay, = Ery — Er, = 0.91 eV (for
CdTe). The energy of the forbidden gap E,4(x) increases linearly with increasing Mn

composition as:
E¢(4.2K) = Er, — Erg = 1.606+1.592x [eV]. (1.2)

3



Part 1 1.2 Exchange interaction c¢f band electrons

I's
Eg
I'g
< Ago my= 4 3/2
I
Nmy==+ 172

Figure 1.1: Schematic band structure in the vicinity of " point of Cd;_,Mn,Te bulk crystal.

The binding energy of the exciton is 10 meV (for CdTe).

The electrons of the half-filled 3d° are localized around the Mn?* ions. The ground
state of the free ion is sixfold degenerate (6S5 2, L=0,8= 5/2). In Cd;_,Mn,Te Mn?t
ions show a paramagnetic behavior[36][37] described by a Brillouin function. The Landé

g-factor gy, = 2.

1.2 Exchange interaction of band electrons

The sp-d exchange interaction between the band electron spins (5s or 5p orbit) and the
Mn?* spins (3d orbit) contributes to the giant Zeeman effect of valence and conduction
band with magnetic field. Such interaction can be described phenomenologically by a
Heisenberg type Hamiltonian Hj,_4[38] as:

Hy,q=Y JP4(7—R;)S; -8, (1.3)

—

R;

where S; and & are the spin operators of the Mn>* ion on the lattice site R; and of the band
electron at 7, respectively. J*?~¢ is the electron-ion sp-d exchange interaction energy and

the summation is taken over all Mn?" ions. Since the electronic wave function is rather

4



Part 1 1.2 Exchange interaction c¢f band electrons

extended, the electron can interact with a large number of Mn?* ions. Hence by usual
mean-field approximation and virtual-crystal approximation, S; can be replaced by the
thermal average value (S), and J?~4(7— R;) is substituted by xJ*?~—4(# — R). Therefore

Eq. (1.3) is written as:

Hyyq=xY JP~(7—R)(5)-8, (1.4)
R

where the summation is taken over all fcc cation-sublattice sites R. If the applied mag-
netic field B is in the z direction, (S) = (S.), then Eq. (1.4) is expressed as:
Hypg=xY JP4(F—R)(S;)-0. and (S)=(Sy) =0, (1.5)
R
where G is z component of G. Since Hyj, 4 has the same periodicity as CdTe lattice, the
wave function for band electrons in Cd; _Mn,Te are expressed with that of CdTe. Then

for I'g conduction band[39],

1 1

— —_ = S
5T 2> [ST)

1S 1), (1.6)

N =
|

N =

~_
I

Ig
for I'g valence band,

3 3 1

=+ = —|(X+i¥

3 1 1

= t+3 = —i|(X+1iY)]| -2Z

3 1 1

-, —= = —=|(X—=-i¥)1+2Z

3 3 1

g = —il(X—=iV)]), (1.7)
and for I'; valence band,

1 1 1

— 4= = —i|(X=iV)1t-Z

11 1

e = —|(X+iY) ] +Z1). (1.8)
With the above base wave functions of band electron |.J,m j)» the matrix elements are

obtained as:

s A 0
va(—d = (O —A) (1.9)

El
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3B 0 O 0
Iy 0 B 0 0
Hsp—d 0 0 —B 0 (110)
0O 0 0 -3B
Iy B B 0
H) 4 = (0 _B> (1.11)

)

where A = INopow(S,) and B = 1NoBx(S,). Noaw and NoP are exchange integrals of s
and p band, respectively. Ny is the number of cations per unit volume. The coupling is
ferromagnetic for s- and d-electrons and antiferromagnetic for p- and d-electrons. The

exchange integrals for Cd;_,Mn,Te are

Noot = +0.22 [eV]
Nof = —0.88 [eV]. (1.12)

Therefore, the degeneracy of conduction and valence bands is lifted by the sp-d exchange
interaction with an applied magnetic field. This is called the “giant Zeeman effect”. For
example it can be calculated that the amplitude of Zeeman splitting for the valence band
is 40 meV at x = 0.2 (see Appendix A.1).

The selection rule of interband transitions in Faraday geometry is Amj; = +1 for circu-
lar polarization 6™, and Amy; = —1 for 6. The transition energies and relative oscillator
strengths for I's — I'g in the presence of sp-d exchange interaction are shown in Table
1.1. A schematic representation of the Zeeman splitting due to exchange interaction for
electronic conduction band and heavy hole valence band is shown in Fig. 1.2 in case of
zincblende symmetry.

The average value of Mn?* ion spins for Cd;_,Mn, Te is given as:

_ 5 gvntsB
(Sz) = —Sesi(x)Bs 2 <2kB(T+T0)> ; (1.13)
where
6 6 1 1
BS/z(Lt) = gCOth (glxl) — gCOth (glxl) R (114)

is the Brillouin function for spin S = 5/2 (see Appendix A.1), and
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Table 1.1: Characteristics of I's — I'g transitions in the zincblende type semimagnetic
semiconductor bulk crystal. E, is written in Eq. (1.2).

Transition Energy Polarization Probability
3,-3) = 17.—3) Eg—3No(e — B)x(S:) o 3
3.:-3) =13, 30 Eg+yNo(a+3B)x(S:) o 1
|%7 %> - |%7_%> Eg_ %NO((X+%B)'X<SZ> o 1
3. 3 =13 3 EgtsNo(a — Bx(sy) o 3

mj
— +1/2
fo 20|
J=1/2 — —1/2
ot o
; —3/2
2/B| -
— —1/2
A
I 2|B|
J=3/2 ; +1/2
2Bl
— +3/2
B=0 B>0

Figure 1.2: A schematic picture of the spin splitting of the top valence band (I'g)
and the bottom conduction band (I'g) in Faraday geometry.
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35.37

T(x) = ——2l
0() 1+2.752x¢"

K]

Setr(x) = 2[0.265 exp(—43.34x) 4+ 0.735exp(—6.19x)], (1.15)
are deduced from actual measurements of the Zeeman splitting in bulk alloys[40][41] (see
Appendix A.2), gy (= 2) is the g-factor of Mn”*, up(= 58 ueV/T) is the Bohr magneton,
k(= 86.17 ueV/K) is the Boltzmann constant, B is the value of magnetic field, and 7 is
the temperature. It is important to note that an antiferromagnetic Mn?* - Mn?* exchange
interaction can not be negligible in case of Mn composition x > 0.05. This exchange
interaction is achieved with mediating by the two valence band holes[42]. These effects
are taken into account in Tp(x) and Serr(x) (Eq. (1.15)) that are experimentally obtained.
Moreover, for x > 0.25 at low temperature, the spin-glass phase appears[43][44][45].
Then Zeeman splitting value of the energy levels can be obtained with Table 1.1 and Eq.
(1.12) - (1.15).

1.3 Magnetic polaron

In some paramagnetic materials the spins could be aligned to form ferromagnetic do-
mains even in the absence of external magnetic field under certain physical conditions.
Such ferromagnetically aligned spin of magnetic ions in the vicinity of carriers as illus-
trated in Fig. 1.3 is called as magnetic polaron (MP).

In case of semimagnetic semiconductor medium, electrons, holes, or excitons would
play the role of carriers. An electron gains the total energy by aligning the surrounding
magnetic spins. This is ascribed to exchange interaction expressed by Eq. (1.3). In
optical experiment, MP formation due to exciton is mainly classified into two categories
by different localization mechanisms. One is free/self-trapped exciton magnetic polaron
or localized exciton magnetic polaron (EMP) by the alloy potential fluctuation (APF)
which is caused by randomly distributed magnetic ions substituted in the host materials.
The second is bound exciton magnetic polaron (BMP) to some impurities by Coulomb
interaction. A large number of papers observing BMP have been published using various

optical spectroscopic techniques, e.g. time-resolved photoluminescence[46]. EMP and
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Figure 1.3: Schematic drawing of EMP. The description of EMP is explained in

text. Exciton aligned the magnetic ion spins (arrow) inside the Bohr radius (dotted
circle).

BMP are created by polarizing the magnetic ion spins inside the exciton coherence length
(typically the Bohr radius) as sketched in Fig. 1.3.

The most interesting problem is the mechanism of exciton localization process in-
duced by MP formation and APF. Many authors have discussed for this subject[47][48][49]
[50][51][52].



Chapter 2

Motivation and purpose

One of the outstanding problems that have recently gained attention is the photo-induced
magnetic-phase transition in semimagnetic semiconductors including Cd;_,Mn,Te. The
localization of excitons induces alignment of the magnetic spins inside the exciton’s Bohr
radius, resulting in the formation of EMP bound to alloy potential well or impurity. Due
to this mechanism, it is theoretically predicted that large ferromagnetic regions should be
generated under high power excitation. However, this phase transition has not yet been
realized by optical pumping. Therefore it should be of utmost importance to reconsider
the mechanism of exciton and/or bound MP formation. Especially a central problem of
semimagnetic semiconductor is the mechanism of exciton localization process induced
by MP formation and APF. For this reason CdygMngTe is suitable for the specimen
because the localization energy due to MP effect would be large.

For the above reasons we studied the photoluminescence by varying several physical
parameters. We first found that the dominant peak spectrum under band-to-band exci-
tation contains two components in Cdg gMng2Te. Photoluminescence at higher energy
than the excitation energy was also found at low temperature. By analogy with phonon-
assisted transitions it will be called anti-Stokes photoluminescence in the following. This
anti-Stokes photoluminescence is observed under excitation at energies lower than the
dominant peak energy of the photoluminescence observed under band-to-band excita-
tion.

The origin of two components of the photoluminescence under band-to-band excita-
tion and the mechanism of the anti-Stokes photoluminescence are not fully understood
yet. In order to make them clear we study the photoluminescence of Cdg gMng »Te single

crystal in detail. The purpose of our studies is to explain the process of exciton localiza-
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tion and to apply its model to unique phenomena, e.g. anti-Stokes photoluminescence.

The present work is in that direction.

Outline

The outline of this study is as follows. Chap. 3 mentions the research plan and Chap.
4 describes the sample and experimental set-up used in this experiment. Chap. 5 is the
central chapter of this Part. Sec. 5.1 presents the features of photoluminescence without
magnetic field (Sec. 5.1.1) and unique profiles of the photoluminescence with magnetic
field (Sec. 5.1.2) in CdygMngTe. In these two sections it is shown that the photolumi-
nescence consists of two components and we propose that they are due to recombination
of EMP and A°XBMP. Sec. 5.2 briefly reviews the calculation for Zeeman splitting of
exciton and A°X with sp-d exchange interaction in semimagnetic semiconductor single
crystal. We also qualitatively notice the properties of A°X in Cd;_Mn,Te (CdTe). Sec.
5.3 provides the comparison between the experimental results and theoretical predictions.
We discuss the mechanism of the spectrum containing two components and deduce the
physical exchange constant of deep A”. Sec. 5.4 is devoted to the study of anti-Stokes
photoluminescence. The characteristics of the anti-Stokes photoluminescence are ex-
plained as a function of excitation energy, excitation power, and magnetic field. It is very
important to take into account the absorption of excitation light and reabsorption of anti-
Stokes photoluminescence. Therefore this section is divided into two different situations;
non-resonant excitation (Sec. 5.4.1) and resonant excitation (Sec. 5.4.2). Chap. 6 gives

a summary of the results and significance of the studies.

11



Chapter 3

Research plan

In recent years a lot of studies for nano-structures in semimagnetic semiconductor have
been performed. As one of the interesting phenomena in heterostructures containing
Cd;_,Mn,Te quantum well Faraday rotation may be further enhanced mainly due to the
large excitonic oscillator strength and possibly the difference of oscillator strength for
o' and 6~ circular polarizations. On the other hand the interesting phenomena in semi-
magnetic semiconductor bulk crystal, e.g. photo-induced magnetization for which we
are looking, are also expected for application. In order to realize this aim it is necessary
to grasp clearly the mechanism of exciton localization that is not yet solved essentially.
The key to the solution of this problem is to elucidate the double peaks of photolumines-
cence in Cdp gMn > Te bulk crystal. Besides the above context, other curious phenomena
anti-Stokes photoluminescence are studied. Therefore we study the photoluminescence
under band-to-band excitation and anti-Stokes photoluminescence under various physi-
cal parameters. In the study of semimagnetic semiconductor it is important to study the
magnetic field dependence of the photoluminescence because of the existence of sp-d
exchange interaction. For anti-Stokes photoluminescence it is essential to measure the
excitation power and the excitation energy dependences in order to make its mechanism
clear. Moreover, it is also important to compare the behavior of the anti-Stokes pho-
toluminescence with that of the photoluminescence under band-to-band excitation. In
addition, the study of anti-Stokes photoluminescence under resonant excitation is inter-

esting. Accordingly our research plan consists as follows.

1. Setup and optimization of the optical systems.

2. Measurement of the temperature dependence of the photoluminescence under band-

to-band excitation.

12
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3. Measurement of the magnetic field dependence of the photoluminescence under

band-to-band excitation and the anti-Stokes photoluminescence.

4. Measurement of the excitation power dependence of the anti-Stokes photolumines-

cence.

5. Measurement of the excitation energy dependence of the anti-Stokes photolumi-

nescence.
6. Measurement of the photoluminescence behavior under resonant excitation.
7. Measurement of the time-resolved photoluminescence.

Through the analysis of the photoluminescence spectra, we will discuss the origin of
the two components of the photoluminescence and the mechanism leading to anti-Stokes

photoluminescence.

13



Chapter 4

Experiments

4.1 Sample

A single crystal of CdpgMng,Te was grown by Bridgman method. The samples were
obtained by cleaving the middle part of a cylindrical Cdy gMng,Te ingot perpendicular
to its axes. The samples were chosen among those that exhibit a large dominant pho-
toluminescence. The size is 2.5 mm x 2.5 mm x 0.5 mm. No surface treatment, e.g.
polishing or etching in a bromine-methanol solution, was done.

The sample was fixed on the deoxidized copper plate (10 mm X 10 mm X Imm) with
Apiezon grease in order to get good thermal conductivity. The deoxidized copper plate
was fixed on the sample holder with putting fresh indium between them. Here we have
to note that the applied magnetic field was much more than the critical magnetic field of

indium (28.3 mT). Therefore it was not possible that indium expels the magnetic field.

4.2 Optical system for measurements

Fig. 4.1 shows the optical setup for measurement of time-integrated photoluminescence.

Dye laser (dye solution is DCM) pumped by all lines of argon-ion laser is used as
a light source to excite the sample for A, = 600 - 690 nm and Ti-Sapphire laser for
Aex = 690 - 900 nm. For band-to-band excitation the second harmonic of Nd:YVOy laser
(532 nm) was also used as an excitation source. In case of reflection measurements the
sample is illuminated with the white light of the tungsten lamp passing through the iris. In
case of measurements with circular-polarized excitation source a polarizer and a quarter-
wave plate are placed before the sample. The light source was put perpendicular to the

surface of the sample. The spot size focused on the sample was 0.5 mm?. All lenses in
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Part 1 4.2 Optical system for measurements

the optical setup are achromatic. The power of the beam was limited to avoid heating of

the sample.
_ quarter-wave cryostat .
polarizer plate \ magnetic field
triple spectrometer N\ ; p 0-757T)
(f=64cm, 1800g/mm) N NH
v v N
CCD
sample
7 \ (Cdp.sMng 2 Te)
variable ND filter ——  polarizer quarter-wave
plate
Ar ion laser < ! @
e (all lines) N () | (L W-lamp
| \.
NI TiSapphire laser g 1A 1118
(690 - 900 nm) 714
“___| Dye laser(DCM) . O = achromatic lens
| (600-690nm) A

«%: movable mirror
SHG of Nd:YVOyq laser
(532 nm) e

Figure 4.1: Experimental setup for measurement of time-integrated photoluminescence.

The sample was mounted inside the cryostat. This cryostat is equipped with a super-
conducting-coil magnet that can give a magnetic field up to 7.5 T parallel to the wave
vector of light source (Faraday geometry). The temperature of a sample was adjustable
from 300 K to 1.8 K with the continuous-flow liquid helium and a heater. The temperature
was monitored with semiconducting sensor installed near the sample.

The backward photoluminescence from the sample passed through a quarter-wave
plate and a polarizer in order to separate the 6+, 6~ circular polarization. The pho-
toluminescence was recorded by using a CCD (charge-coupled device) array cooled to
liquid-nitrogen temperature, after passing through a spectrometer (the focal length is 64
cm, the grating has 1800 grooves/mm). The triple-spectrometer can cut laser light in case
of selective excitation measurements. The spectral resolution was better than 0.1 nm (0.3

meV). Since the spectrum is modified by the inhomogeneous sensitivity of CCD sensor
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Part 1 4.2 Optical system for measurements

array and grating, a tungsten lamp was also used for the correction of photoluminescence
intensity.

In Sec. 5.1.1 the time evolution of photoluminescence is reported, therefore the time-
resolved experimental set up should be here mentioned briefly. The layout of optical
components for time-resolved measurement is the same as shown in Fig. 4.1 except the
light source and the detector. The time-resolved experiments are performed by using the
second harmonic (the crystal is LiB3Os) of the 76 MHz mode-locked Ti-sapphire laser.
As a detector a streak camera working in singlescan mode was used. The time resolution

was 10 ps.
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Chapter 5

Results and discussions

5.1 Photoluminescence under band-to-band excitation

In this section we show the photoluminescence of Cdy sMng »Te under band-to-band ex-
citation and discuss its new mechanism of MP. Universally the photoluminescence of
CdpgMng,Te is reported to be due to recombination of localized EMP. However, the
unique profile of photoluminescence indicates the mechanism is not so simple. Therefore

we recall photoluminescence under band-to-band excitation with basic measurements.

5.1.1 Photoluminescence without magnetic field

First we show in Fig. 5.1 the profiles of the stationary photoluminescence spectra of
EMPs (excitons) in Cd;_,Mn, Te without magnetic field at various Mn compositions.
The peak intensity is normalized with dominant peak intensity. E, is free exciton energy
determined from the exciton-reflection spectrum.

In case of x = 0, namely, CdTe three photoluminescence lines, bound exciton to neu-
tral acceptor (AX), bound exciton to neutral donor (D°X), and free exciton can be ob-
served. In case of mixed crystals with Mn”* ions the photoluminescence is dominated
by two features attributed to recombination of A°XBMP and EMP recombination at Mn
compositions x smaller than 0.1, while at x = 0.2 shows a peak arising from only EMP
peak. Here it can be noted that few donor impurities exist in this sample. The photolu-
minescence spectrum of Cdy gMng ,Te shows peculiar behavior as a function of temper-
ature.

Fig. 5.2 shows the stationary photoluminescence spectra of excitons under band-to-

band excitation in CdggMngTe without magnetic field at various temperatures. The
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5.1 Photoluminescence under band-to-band excitation

Luminescence Intensity (a.u.)

. free
iexciton|

| ' | s | ) I
-60 -40 -20 0
Photon Energy (E-Ex) (meV)

Figure 5.1: Stationary photoluminescence
spectra of excitons in Cd;_,Mn,Te without
magnetic field at various Mn composition.
The peak intensity is normalized with domi-
nant peak intensity. Ex is free exciton energy
determined from the exciton-reflection spec-
trum. The description of A°X and DX is
explained in text.
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Figure 5.2: Stationary photoluminescence
spectra of excitons in Cdy gMng,Te without
magnetic field at various temperatures. The
vertical arrow indicates the free exciton en-
ergy. The peak intensity is normalized. The
peaks shift towards higher energy due to dis-
appearance of MP effect up to temperature
30 K.
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5.1 Photoluminescence under band-to-band excitation

vertical arrow indicates the free exciton energy, which is determined from the exciton-

reflection spectrum. It can be seen that the peak is composed of two components at the

temperature < 30 K as pointed out with closed circles.

There is also another evidence of two components in photoluminescence. Fig. 5.3

shows the time evolution of photoluminescence spectra without magnetic field at 4 K.

Intensity (arb.units)
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Figure 5.3:  Time evolution of
the photoluminescence spectrum in
Cdp.gMng,Te without magnetic field.
The peak intensity is normalized. In
the first 40 ps, the shift of the lines is
attributed to exciton localization and
MP formation.

In the first 40 ps, the shift of the lines is attributed to exciton localization and MP

formation. Doublet peaks can be observed at any time. Judging from Fig. 5.3 it is seen

that these doublet peaks do not result from rapid energy shift of a single peak within its

lifetime. We assume that there is an overlap of photoluminescence due to EMP and due

to A’XBMP explained as follows.

Egyp = 1604.7+1397x
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At T = 4 K the energy positions for each peak are reported as:[53]

(0<x<0.1)
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Part [ 5.1 Photoluminescence under band-to-band excitation

= 1575.0+ 1536x 02<x<04). (5.1)

AOXBMP is, on trial, assumed to exist up to Mn concentration at x = (0.2 as shown in

Fig. 5.4.

T T T T ' T j !
1.89  ——(A°X)BMP peak energy

----------- extrapolated (A°X)BMP peak energy
----- EMP peak energy

d
= 1.82 |
> FWHM of EMP spectrum
i |
m r -
,’T/ EMP spectrum
175 L ,,("// - |
L L 1 1 1 1 1 L | 1 1 "
10 12 14 16 18 20 22

Mn composition (%)

Figure 5.4: Mn composition dependence of peak positions of EMP (broken line)
and A°XBMP (solid and dotted lines) obtained from Eq. (5.1). The vertical width
of gray region signifies the full width at half maximum of EMP spectrum for various
Mn compositions.

It can be found that the energy position of lower side, where the intensity of EMP
spectrum is half of maximum, corresponds to the peak position of A’XBMP spectrum
at Mn composition x = 19% indicated by dotted arrow in Fig. 5.4. When the width of
AYXBMP spectrum is taken into account, we should observe the double peaks in the
photoluminescence spectrum at Mn composition slightly lower than 19%. Since this
explanation is consistent with the experimental results it is reasonable to assure that there
is overlap of EMP recombination and A”XBMP recombination at Mn composition x =
0.2. Therefore the high energy peak would be due to EMP and the low energy peak due
to A"’XBMP. Moreover from Fig. 5.3 the energy difference between A’XBMP and EMP

in photoluminescence is deduced about 7 meV.
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Part [ 5.1 Photoluminescence under band-to-band excitation

5.1.2 Photoluminescence with magnetic field

Since Mn>" ions spins contribute to the magnetic properties of the sample it is very
interesting to measure the photoluminescence with magnetic field. Fig. 5.5 shows the

photoluminescence spectra at 5 K for various magnetic fields.

5K A

oT J

Intensity (a.u.)

Figure 5.5: Stationary  photolu-
minescence spectra of excitons in
CdpsgMng,Te at 5 K for various
magnetic fields. The vertical arrow
indicates the free exciton energy. The
peak intensity is normalized. The peaks
shift towards lower energy due to the
large Zeeman splitting of energy levels.

1.86 | ’I.I88 | 1.I90 | 1.I92
Photon Energy (eV)

It can be seen that doublet peaks appear more clearly with magnetic field. This ten-
dency was observed at low temperature 3 K - 5 K. In order to clarify the origin of this
doublet peaks we measure the circular polarization of photoluminescence with magnetic
field. In the Faraday configuration, there are two magnetic subcomponents with the 6"
and the 6~ polarizations. Not only 6T but also 6~ photoluminescence can be observed
under band-to-band excitation as shown in Fig. 5.6.

The photoluminescence peak positions in 6 and 6~ polarization are not the same
with each other as shown in an inset of Fig. 5.6. For the exciton transition only ¢

photoluminescence should appear since this transition comes from the lowest energy

21



Part [ 5.1 Photoluminescence under band-to-band excitation
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Figure 5.6: Photoluminescence evolution as a function of magnetic field for o~
(left) and for o™ (right). The inset shows the comparison of 6~ and 6" lineshape at
6T

level of the exciton. In the following we shall demonstrate that 6+ photoluminescence is
due to exciton and 6~ photoluminescence due to A°X. These phenomena are not peculiar
to this sample[54].

Here it has to be mentioned that the interpretation of the asymmetric or inhomoge-
neous photoluminescence as a function of temperature and magnetic field in Cd; _Mn,Te
has been reported[75][76][77][78]. From a line-shape analysis it has been explained that
the linewidth of photoluminescence should arise from the exciton localization by pin-
ning to defect center and by APF. The former yields a symmetric Gaussian line shape,
while the latter leads to an asymmetric line shape. Therefore, in conclusion the shape
of the photoluminescence spectra is a symmetric Gaussian when the exciton is localized
through the hole, i.e. MP effect, on the other hand, APF causing exciton one-particle
localization results in the asymmetric Gaussian profile. However, as can be seen in previ-
ous figures the photoluminescence spectra are obviously composed of two components.
Therefore it can be inferred that, at Mn composition x ~ 0.2 non-Gaussian shape photo-

luminescence is due to two contributions of exciton and A%X.
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5.2 Theoretical background

In order to make it clear quantitatively that 6 and 6~ photoluminescence under band-
to-band excitation are due to exciton and A’X, respectively, we shall examine the com-
parison of experimental and theoretical results in Sec. 5.3. In this section we demonstrate

theoretical calculations in detail.

5.2.1 Effect of sp-d exchange interaction on exciton

As already stated in Sec. 1.2 the transition energy between the valence band and conduc-
tion band is written as:
Eexe = %N() (00— B)x(S;) (electron - heavy hole)
Ewaw =Ec—E, = (52)
Eexe = 3No (00— 1B)x(S;) (electron - light hole),
where Ey., and E.,. are transition energy and exciton energy without magnetic field, re-
spectively. Fig. 5.7 shows the transition energy scheme, namely, E;.., — Fex. dependence

on the magnetic field at 4 K.

T T T T T T
0.05 |- Exciton [+1/2>=> |+3/2> (5-) (3) ]

0.04

0.03

0.02

-1/2> > [+1/2> (o-) (1) ]
[+1/2> > |-1/2> (5+) (1) ]

0.01
0.00

-0.01

Energy (eV)

-0.02

-0.03

-0.04 I
005 L 1-1/2> >|-3/2> (o+) (3)
) | \

. 1 . 1 . 1 . 1
0 2 4 6 8 10 12

Magnetic Field (T)

Figure 5.7: Level splitting of the exciton as a function of magnetic field at 4 K.
|ms) — |m;) means transition from a |m;) electron state in the conduction band to a
|m;) electron state of the valence band. The values in parentheses mean the ratio of
oscillator strength.
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Due to thermal distribution the photoluminescence should come from the transition
| —1/2) — | —3/2) (6). Itis important to note that there is no consideration of local-

ization on the APF and MP effect in these calculations.

5.2.2 Effect of sp-d exchange interaction on A°X

In the 1980s many systematic studies of acceptor impurities in Cd;_,Mn,Te have been
carried out by photoluminescence experiments[55][56][57][58][59][60][61]. In CdTe,
the main acceptor impurities have been determined to be Ag, Cu, Li, and Na[62][63].
The former two impurities are deep acceptors and the latter two are shallow acceptors.
The A°X photoluminescence spectrum is attributed to exchange interactions between
the bound particles, namely, two I's holes with angular momentum j = %, and one I'q
electron with angular momentum j = % In terms of the j-j coupling scheme in cubic
symmetry, the two I'g holes are combined antisymmetrically to form J;; = 0 (I'y) and 2
(T3 +T's) states[64]. Then the A°X states would be described by a total angular momen-
tum J = 1/2 (Ts), 3/2 (T'g), 5/2 (I'7 + ') with additional coupling to the I'¢ electron
since 'y xI'e =T, [3 xI'g=17%,['5 xI's =1741I% in the T; point group. Experimen-
tally, bound exciton states derived from the J;; = 0 two-hole state appear to be the lowest
energy for deep acceptors[65][66][67][68], while the converse situation is true for shal-
low acceptors[69][70][71]. Therefore the lowest A’X level for deep acceptoris J =1/2
and for shallow acceptor is J = 3/2 and J = 5/2. The final acceptor state of the transition
AU is the neutral acceptor state J = 3 /2.

For hole in the A° level and for holes in the A°X level the quantity NP is taken as
positive (inverse of Nyf for electron in valence band). This is in agreement with the

polarization of the lowest energy Zeeman component G~ .

Deep acceptor

The lowest energy level for A°X is J = 1 /2 in case of deep acceptor. The final state of
the transition is the neutral acceptor state J = 3/2. Hence, higher energy level of A°X
is |my) = | +1/2) (my,;, =0, m, = 1/2) and lower is | —1/2) (m;,;, = 0, m, = —1/2) for
deep acceptor with magnetic field (B//z), where my, m s and m, are z component of to-
tal angular momentum, two-holes angular momentum, and electron angular momentum,
respectively. The energy levels of A” and AX are sketched in Fig. 5.8.

The transition energy of the deep A°X is shown in Fig. 5.9. For a bound hole in deep
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Figure 5.8: A schematic picture of the spin splitting of deep A? (ground state) and
deep A%X (excited state) in a magnetic field. This considers only J = 1/2 as A’X
state. A dotted arrow represents the lowest energy transition explained in text.
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Figure 5.9: Transition energy of deep A°X — deep A° as a function of magnetic

field at 4 K. The quantity NoP is 0.35 eV. The values in parentheses mean the ratio
of oscillator strength. This considers only J = 1/2 as A’X state.
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A the value Ny is not reported, therefore on trial, we take the quantity NoB = 0.35 eV
as explained later. The procedure of calculation for deep acceptor is same as for exciton.
The lowest transition energy is, as a result, | — 1/2) — |+ 1/2) (67). It is noted that this
considers only J = 1/2 level as A’X state. Actually it should be taken into account both

J;jj =0 and 2 levels as described at the end part of this section.

Shallow acceptor

For a bound hole in shallow A” we take a known quantity Nop = 0.65 eV[72][73]. For a
shallow acceptor, the lowest energy level of the A°X is J = 3/2 and J = 5/2. Hence, the
highest energy level of the A%X is |m Ji;»Me) = | +2,-+1/2) and the lowest is | —2,—1/2).
The final state of the transition is A” state J/ = 3/2. The energy levels of shallow A" and
A%X are sketched in Fig. 5.10.
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Figure 5.10: A schematic picture of the spin splitting of the shallow A° (ground
state) and shallow A°X (excited state) in a magnetic field. This considers only J =
3/2 and 5/2 as A°X states. Dotted arrows represent the lowest energy transition
explained in text.
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The procedure by which the transition energy for shallow acceptor is calculated is same
as for exciton, moreover, the following matrix elements are also used in calculation for

selection rule[63]:

<i3|P|i2il> ! <il|P|i2$1>— ! <$1|P|il$1>— !
5 + ) \/6’ + ’ - \/57 D) + ) - \/57

1 1 1 3 1 1 3 1 1
—_|P +— — A FIPL|Fl, = Y =+—, ( F2|P —y=—=
(5.3)

where P, is the momentum operator for the G transition between |m Jjj,me> AX state

and (my| A state. The transition energy of the shallow A°X is shown in Fig. 5.11.
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Figure 5.11: Transition energy of shallow A°X — shallow A° as a function of
magnetic field at 4 K. The values in parentheses mean the ratio of oscillator strength.
This considers only J = 3/2 and 5/2 as AX states.

The procedure of calculation for shallow acceptor is the same as for deep acceptor
and exciton. The lowest transition energy is, as a result, | —2,4+1/2) — | —1/2) (67)
and | —2,—1/2) = |—3/2) (7).
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In the above consideration only A°X levels derived from the lowest J i level are taken
into account, e.g. J = 1/2 for deep A°X and J = 3/2, J = 5/2 for shallow A°X. However,
one should consider both levels derived from J;; = 0 and 2. This is because the energy
difference between J;; = 0 and 2 is in the sub-meV. Since the Zeeman splitting is rather
large as shown in Fig. 5.12 in high magnetic field, it does not matter whether the acceptor
is deep or shallow for AX state. At high magnetic field, for both deep and shallow A°X,
the lowest level is | —2, —1/2) of A?X state. It is important to note that any consideration

of localization on the APF and MP effect are not yet carried out in these calculations.

1 shallow A%

Zeeman Splitting Energy (meV)
AL LYo 2 waE G

] 1
[3,]

0.0

Magnetic Field (T) Magnetic Field (T)

Figure 5.12: The comparison of Zeeman splitting for deep A°X and shallow A°X levels.
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5.3 Comparison of experimental results and theoretical
results

With Fig. 5.7 and 5.12 at high magnetic field 6™ and 6~ photoluminescence lines are

interpreted as follows:
e o component: the lowest energy transition of exciton --- | —1/2) — | —3/2)
e G~ component: the lowest energy transition of A°X --- | =2, —1/2) — | —3/2).

Note that due to thermalization in the A°X states only | —2,—1/2) — | —3/2) transition
could be considered.

Fig. 5.13 shows the comparison of experimental results and calculation results. At
low magnetic field, the MP effect should be considered. The localization energy due to
MP is known to be 15 meV for exciton as obtained from photoluminescence excitation
studies in Fig. 5.14. Therefore we assume that the exciton energy without MP effect is 15
meV higher than the photoluminescence line. The theoretical result is in good agreement
for exciton (o), if we assume that the MP exists till a magnetic field up to 4 T. From the
energy difference between the reflectivity peak and the exciton energy position without
MP, we deduce a localization energy of APF equal to 11 meV. There is no report on the
binding energy of A°X without MP localization, namely, the energy difference between
free exciton and A°X in Cd;_,Mn,Te. From comparison with data in CdTe we suppose
that the A°X peak without MP is 7 meV below the calculated result of exciton[56]. This
value is same as one obtained experimentally in Sec. 5.1.1.

From the comparison between the calculated energy position of the A°X line and the
experimental position of the 6~ component as a function of magnetic field, we take the
value NoP = 0.35 for a bound hole in deep AY state explained as follows. As mentioned
in Sec. 5.2.2 the lowest energy transition between A’X and A® is | —2,—1/2) — | —
3/2). For holes in A°X the quantity NoB should be the same as for a free hole (0.88 eV)
because the Bohr radius of holes in A°X is expanded in space very much. As mentioned
before, for a bound hole in shallow A° the quantity Ny is known to be 0.65 eV. Suppose
calculation is carried out with Nofp = 0.65 eV, the theoretical result is beyond reason. On
the other hand, for a bound hole in deep A° the value Ny is not reported because binding
energy for a hole bound to deep acceptor is too complicated to calculate. However, we

can qualitatively estimate that the quantity NoB of a bound hole in deep A” should be
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Figure 5.13: The comparison of the photoluminescence peak position with the cal-
culated position as a function of magnetic field at 4 K. Since MP and APF effect are
not considered in the calculation, the calculated position is not in good agreement
with photoluminescence line at low magnetic field. The values of localization en-
ergy due to APF and MP are 11 meV and 15 meV, respectively. The binding energy
of A’X without MP localization is considered to be 7 meV.
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Figure 5.14: The peak position of the photoluminescence as a function of excitation
photon energy. Anti-Stokes photoluminescence is explained later (Sec. 5.4).
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smaller than 0.65 eV. The reason is that the binding energy of a hole bound to deep
acceptor should be much larger than that of a hole bound to shallow acceptor. Since
the larger the binding energy is the smaller the Bohr radius is, The number of Mn ion
spins with which a hole bound to deep acceptor can interact is less than that to shallow
acceptor. In case of quantitative discussion we should consider also spin-orbit interaction.
By fitting procedure, if we assume that the MP exists till a magnetic field up to 3 T, it is
found that there is good agreement when Nof3 = 0.35 eV for a bound hole in deep A° as
shown in Fig. 5.13. Tt is reported that the quantity NyP of confined holes in Cd;_,Mn,Te
quantum well or quantum dot can be half value of bulk crystal[74]. Hence the 0.35 eV is
not irrelevant.

In addition to above Zeeman effect, the diamagnetic effects should be observed, how-
ever, it is explained to be negligible as follows. For the A°X complex, there would be
two types of diamagnetic effects being proportional to B> where B is the magnitude of
the applied magnetic field. One is a diamagnetic splitting effect in the A° state J =3 /2
which splits the gravity center of the m; = +1/2 components apart from the m; = +3/2
components, and another is a diamagnetic shift effect in both A°X and A° states. These
effects are negligibly small in Cd;_,Mn,Te because the Zeeman shift and inhomoge-

neous broadening of photoluminescence width due to fluctuation is quite large.
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5.4 Anti-Stokes photoluminescence

In this section we show the unique phenomena under selective excitation or under exci-
tation at energies lower than the dominant photoluminescence peak energy.

In order to examine the photoluminescence of semimagnetic semiconductors in de-
tail, the method of selective (resonance) excitation is useful because we can measure the
energies of MP effect directly[47]. As shown in Fig. 5.13 with decreasing excitation
energy the constant Stokes shift can be found. This is the localization energy due to
MP effect. Concerning the intensity of photoluminescence, with decreasing excitation
energy, it abruptly decreases under excitation at 1.91 eV. Furthermore, an anti-Stokes
photoluminescence line which is located on the higher energy side of the excitation en-
ergy, appears under excitation at energies lower than the dominant photoluminescence
peak energy obtained for band-to-band excitation as shown in Fig. 5.15.

The three narrow peaks on a lower energy line of the lowest spectrum are known to
be MnTe LO¢ (24.49 meV), CdTe LO; (20.25 meV), and CdTe TO, (17.68 meV) Raman
Stokes lines[2]. The anti-Stokes photoluminescence can be also observed under non-
selective excitation energies well below the photoluminescence peak energy as shown in
the bottom spectrum of Fig. 5.16. The photoluminescence in top figure is ascribed to the
recombination of localized EMP.

Fig. 5.17 shows the excitation energy dependence of the anti-Stokes photolumines-
cence. The anti-Stokes photoluminescence in this material[80] as well as in various
semiconductors[81][82][83] has been reported. In case of non-resonant excitation the
intensity does not change very much with excitation photon energy. Regarding peak
position and width the value is almost constant, namely, the profile in the photolumi-
nescence spectrum does not change very much as a function of excitation energy. At
excitation energy higher than 1.85 eV (resonant excitation) the photoluminescence inten-
sity abruptly increases with increasing excitation energy. This is not due to laser-scattered
light, because the intensity decreases before the cut point as shown in Fig. 5.18. First we

consider the non-resonant case.
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Figure 5.17: Excitation photon energy dependence of integrated intensity of anti-
Stokes photoluminescence without magnetic field.
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Figure 5.18: Anti-Stokes photoluminescence evolution with various excitation energies.
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5.4.1 Non-resonant excitation

The spectrally integrated anti-Stokes photoluminescence intensity versus excitation power
Cdyp gMng »Te with x = 0.2 is shown in Fig. 5.19.

10 L T=4.5K
Ex energy: 800nm (1.55meV)
No magnetic field

slope 1.3

Integrated Intensity (counts)

Excitation Power (mW/cm®)

Figure 5.19: The excitation power dependence of integrated anti-Stokes photolu-
minescence lines at 4.5 K and zero magnetic field for Cdg gMng,>Te with x = 0.2.
Excitation energy is 800 nm (1.55 eV).

We also analyzed the intensity of the peak as a function of excitation power, in the high
energy side of photoluminescence line where reabsorption process is not negligible as
well as in the low energy side. All the data show the same tendency as Fig. 5.19. The
excitation power dependence in Fig. 5.19 reveals two straight lines having slopes of 1.3
and 1 for intensity below and above 4 mW/cm?, respectively. From general arguments the
microscopic mechanisms leading to anti-Stokes photoluminescence are Auger recombi-
nation, thermal activation by the absorption of phonons, and contribution of two or more
photons in the optical excitation process[79]. There are two explicit mechanisms for the
latter two-photon excitation process. First, the intermediate state is not real, i.e. the life-

time of an excitation in this virtual state is limited by the inverse energetic distance to the
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next real state (two-photon absorption process). Secondly, two-step absorption process,
where the intermediate state is real and a relaxation of the excitation to lower-lying real
states may occur before absorption of the second photon. Since all experiments have
been performed at 4K (0.34 meV), thermal activation can be excluded. Furthermore,
both two-photon absorption and Auger recombination can be ruled out, since they would
exhibit a quadratic or cubic dependence on excitation density for the entire power regime,
respectively. Therefore we assume that the mechanism of anti-Stokes photoluminescence
is a two-step absorption process. The intermediate states would be very localized states
in the tail of the density of states due to APF. Then density of state is small and they are
easily saturated by light. This explains that the slope changes from 1.3 to 1 in Fig. 5.19.

Since the anti-Stokes photoluminescence line shape is modified by reabsorption deep
in the sample it is very important to consider the absorption of excitation light and re-
absorption of anti-Stokes photoluminescence. For low energy excitation the excitation
light penetrates deep in the sample and anti-Stokes photoluminescence is very much re-
absorbed. Intensity of anti-Stokes photoluminescence /45 is expressed with reabsorption

coefficient as:

Ins < Ipo.B /O oo((xfexc (Aexc) + BI) exp{—(Otexc (Aexc) + BI + 0 Rexe ) x} exp(—0U(A)x) dx,
(5.4)
where Oexc(Aexc) + P7 is absorption coefficient of excitation light in the presence of ex-
citons, 0(Aexc) and o(A) are the one photon absorption coefficients at excitation and lu-
minescence wavelength, respectively. BI is the non-linear effect of excitation absorption,

Ig.10.p 1s photoluminescence intensity under band-to-band excitation. Then

IB’.IO.B’ o Olexc (xexc) + BI + (x(}\'exc) + (X'O\’)
IAS Olexc (xexc) + BI
In this experiment the excitation power is not large, then B7 can be neglected. The value

(5.5)

Olexc (Aexc) and OU(Aexc) are much smaller than o (A) in case of low excitation energy (non-

resonant excitation). Then
IB.10.B a(A)
o< -
[AS Olexc (xexc )

The ratio Ip s, g/ I4s in logarithm plot is given in Fig. 5.20 for three different excitation

(5.6)

wavelengths at B = 0. As expected the curves are more or less parallel. They represent
the absorption coefficient of the material in the region of the anti-Stokes luminescence,

i.e. in the region of localized exciton states. The relationship Eq. (5.6) is not completely
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valid at low photon energy (excitation energy is 1.777 eV) in Fig. 5.20 because there is
some saturation of the excited localized states (intermediated state in two-step process)

in band-to-band excitation.

T T T T T T T T T
" non-resonant
excitation
Excitation = 1.823 eV
10 |
"2
:ﬂq = Excitation
¥ =1.777 eV
>
(@]
: \
Excitation = 1.85 eV
! | ' | ) | ! | f
1.890 1.895 1.900 1.905 1.910

Photon Energy (eV)

Figure 5.20: The logarithm plot of ration Iz, p/Is as a function of photon energy
in case of low energy non-resonant excitation for anti-Stokes photoluminescence.

It is interesting to study anti-Stokes photoluminescence with magnetic field since sp-
d exchange interaction remarkably contributes to the physical process. Now we shall see
how reabsorption effect can explain the behavior of anti-Stokes photoluminescence in a
magnetic field and that this behavior is consistent with the existence of localized excitons
and acceptor bound excitons. Fig. 5.21 demonstrates a typical magnetic field evolution of
the anti-Stokes photoluminescence lines in CdypgMng,Te. The anti-Stokes photolumi-
nescence exhibits peculiar behavior with external magnetic field compared with photolu-
minescence under band-to-band excitation in Fig. 5.6. It can be seen that 6™ anti-Stokes
photoluminescence intensity decreases with the magnetic field, contrary to the behavior
of the 6™ line in case of band-to-band excitation, as shown in Fig. 5.22.

In order to understand the reabsorption effects of anti-Stokes photoluminescence with
magnetic field the ratio I, p/Ias, Which is proportional to a(A), is given in Fig. 5.23
with different magnetic fields. As expected there is a shift of the absorption coefficient

edge with magnetic field. When magnetic field increases, the energy difference between
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Figure 5.21: The anti-Stokes photoluminescence evolution as a function of mag-
netic field for 6~ (left) and for o™ (right) photoluminescence. Excitation energy is
800 nm (1.55 eV).

T T T T T T T T T T I T I T I
—m— o+ (anti-Stokes) ~
—e— o- (anti-Stokes) .
---v--- o+ (under band-to-band excitation)
---A--- 5- (under band-to-band excitation)

v

Intensity (arb. units)

LI B N B I S s B B S B B B B S R
<
P I [N [N AN (NI N NI AU I N A B |

Magnetic Field (T)

Figure 5.22: Magnetic field dependence of anti-Stokes photoluminescence inten-
sity and photoluminescence intensity under band-to-band excitation.
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Figure 5.23: I, p/Ias with various magnetic fields for 6~ (left) and for 6™ (right)
photoluminescence. This quantity is proportional to the absorption coefficient at
photoluminescence energy in the anti-Stokes line (see text).

exciton absorption line and photoluminescence line decreases because the MP effect van-
ishes. Therefore the high energy level of the localized exciton line is more reabsorbed.
This increasing reabsorption effect with the magnetic field explains well the decrease of
o™ anti-Stokes photoluminescence intensity. From this analysis of anti-Stokes photolu-
minescence we can conclude that 6™ is the tail of localized exciton emission. The high
energy side of the 6 anti-Stokes photoluminescence line is much reabsorbed. As shown
in Fig. 5.23 it can be seen that the absorption is much weaker for the ¢~ than for 6"
polarization besides the usual shift of absorption edge with magnetic field. Since the 6~
component of anti-Stokes photoluminescence is only weakly reabsorbed, it comes from
the A’XBMP located at the lower energy than that of the EMP.

Then we can consider the anti-Stokes photoluminescence intensity, width and peak
position for 6+ and 6~ polarization. Fig. 5.24 shows the normalized degree of circular
polarization as a function of magnetic field. At low magnetic field, the reabsorption
for each polarization is weak as shown in Fig. 5.23. They correspond to transitions from
EMP and A°XBMP, respectively. At high magnetic field, only the tail of the 6+ transition
can be observed superimposed on the ¢~ transition as shown in Fig. 5.25. For B <
2 T, where the anti-Stokes photoluminescence shows peculiar behavior compared with

photoluminescence under band-to-band excitation, the lines are not much reabsorbed;
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Figure 5.24: Normalized degree of circular polarization as a function of magnetic field.
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Figure 5.25: 6" and 6~ circular polarized anti-Stokes spectra with magnetic field
5 T. Excitation energy is 800 nm (1.55 eV). The peak intensity is normalized.
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besides, the width with low magnetic field is larger than that with high magnetic field as
shown in Fig. 5.26. As shown in Fig. 5.26 the contribution 6 of the EMP transition is
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13- $ev2a . ot
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% 12_— o .
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Figure 5.26: The width of 6™ and 6~ anti-Stokes photoluminescence as a function
of magnetic field.

most important with low magnetic field. Due to these reabsorption processes the energy
position in anti-Stokes photoluminescence is lower than that in photoluminescence under
band-to-band excitation at even low magnetic field as shown in Fig. 5.27.

It can be seen that the peak position of 6™ and 6~ polarized photoluminescence
under band-to-band excitation gradually become different with increasing magnetic field.
This would be explained to be the effect of the Zeeman splitting and disappearance of
MP effect. On the other hand for anti-Stokes photoluminescence the two polarized line
peaks always appear in energy lower than that under band-to-band excitation at same
energy with each other. This would be ascribed to the absorption of excitation light and

reabsorption of anti-Stokes photoluminescence as well as above-mentioned two effects.

5.4.2 Resonant excitation

Fig. 5.28 shows the photoluminescence spectral evolution for various excitation powers

under resonant excitation.
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Figure 5.27: ot and 6~ peak position dependence on magnetic field for anti-Stokes
photoluminescence and photoluminescence under band-to-band excitation.

In case of resonant excitation we can see not only anti-Stokes photoluminescence
line but also another photoluminescence line that appear at lower energy side than the
excitation energy. The behavior of this photoluminescence resembles that of the photolu-
minescence under band-to-band excitation. In Fig. 5.28 with increasing excitation power
the peak positions of anti-Stokes and Stokes photoluminescence lines shift towards high
energy. It can not be observed the dependence of these photoluminescence intensity and
shape on the polarization of excitation light and photoluminescence. This is probably
that the spin-memory is too small to measure compared with APF and MP effects. Espe-
cially the spin-memory of hole would vanish very quickly. Let us first discuss selective
excitation in the band of localized exciton states. The photoluminescence line at lower
energy than that of the excitation light is attributed to the localized EMP. By increasing
excitation power we assume that partly the localized states with large spatial size and at
high content of Mn would be saturated. As a result the contribution of only low energy

MP is decreased in the photoluminescence line. Consequently the line is shifted towards
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Figure 5.28: Stokes and anti-Stokes photoluminescence under resonant excitation
at various excitation power.

high photon energy.

The anti-Stokes line is, as in non-resonant excitation, due to a two step process. It
results from the superposition of the A°XBMP and EMP lines. When increasing excita-
tion power there is a saturation of the A%X and the localized states of exciton with large
spatial size and at high content of Mn. As a result, a shift of the line towards high energy
could be occurred.

Let us consider the influence of reabsorption in the condition of resonant excitation.
In this case, Olexc(Aexc) can not be neglected in Eq. (5.5) ( 0t(Aexc) and PI are still negligi-
ble.). Then Eq. (5.5) can be written as

Ipt0.B . Olexc (}\fexc) + OC(?\,) . ( O(’(}\’) )
IAS (}\’) =C Qlexc (}\fexc) =c{! + Qlexc (}\fexc) ’ (57)

where C is arbitrary constant. Now Otexc (Aexc ) can be obtained as follows. When A 22 A,

IB.t().B (X(?\, = kexc))
A Aee)=C | 1+——== | =2C. 5.8
1 AS ( ) ( Alexc (}\fexc) ( )
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Therefore we can get:

o)) Ip1oB Iys
=2 A)- Aexe) — 1. 5.9
Olexc (}\'exc) IAS ( ) IB.to.B ( ) ( )

In Fig. 5.29 Eq. (5.9) is plotted. As expected the curves are more or less parallel. They

represent the absorption coefficient of the material in case of the selective excitation.
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Figure 5.29: Logarithmic ratio of the absorption coefficients between o and
Oexc (Aexc) Under resonant excitation at various excitation energies.
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Conclusion

We have investigated the photoluminescence spectra of CdygMng > Te single crystal as a
function of temperature, magnetic field, excitation power, and excitation energy. From
the lineshape analysis of the photoluminescence spectra, it has been found that the photo-
luminescence peak under band-to-band excitation is composed of two components. It has
been understood that the higher energy component (6™ polarization) is ascribed to EMP,
while the lower energy one (6~ polarization) is due to deep A°XBMP recombination.
These results have been obtained by taking into account the giant Zeeman splitting of
localized exciton and bound exciton to acceptor. From this consideration the MP effect
would completely fade at 4T and 3T for EMP and A°XBMP, respectively. For EMP it
has been evaluated that the localization energy due to MP effect and APF are equal to
15 meV and 11 meV, respectively. Therefore in this material it has been concluded that
contribution of both effects to the exciton localization would be comparable in energy.
We have also considered the value of A°XBMP by varying the exchange integral Nof
for a bound hole in deep acceptor. By theoretical analysis of the peak position at various
magnetic fields it has been deduced Ny = 0.35 eV. This value is half of one for bound
hole in shallow acceptor (0.65 eV). This is because the number of Mn ion spins with
which a hole bound to deep acceptor can interact is less than that to shallow acceptor,
since the binding energy of the former should be much larger than that of the latter.

The anti-Stokes photoluminescence has been also observed under excitation at ener-
gies lower than or equal to the dominant peak energy of the photoluminescence observed
under band-to-band excitation. In case of non-resonant excitation the anti-Stokes line
has resulted from the superposition of the A°XBMP and EMP lines through a two step

process. However, the excitation power dependence of the integrated photoluminescence
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intensity has been found less than 2 because of the saturation of deeply localized states
with small density of states. Due to reabsorption effects both lines appear at lower energy
than the photoluminescence under band-to-band excitation. According to the theoretical
consideration of the absorption of excitation light and reabsorption of anti-Stokes pho-
toluminescence, EMP line is more absorbed in the medium than A°’XBMP line with in-
creasing magnetic field. This is due to the vanishing of the MP effect. In case of resonant
excitation not only anti-Stokes photoluminescence but also another photoluminescence
line that appear at lower energy side than the excitation energy have been observed. The
former line results from the superposition of the A’XBMP and EMP lines while the lat-
ter is attributed to only EMP. With increasing excitation power the peak positions of both
photoluminescence shift towards high energy. This is due to a saturation of the A°X and
the localized states of exciton with large spatial size and at high content of Mn.

This study would contribute to the possibility of photo-induced magnetization for
application, e.g. delicate control of circular polarization, applied magnetic field, and
temperature. Through the anti-Stokes photoluminescence it would be very important
to investigate the state of the Mn ion spins. This is because the exciton would modify
the Mn ion spin state when the exciton exists at intermediate state in the two-step pro-
cess. Furthermore it must be essentially understood the complex effects due to EMP and
AXBMP.
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Magnetic flux patterns in the
intermediate state of thin type-I
superconductors
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Historical background

7.1 History

In 1911, H. Kamerlingh Onnes found that below 4.15K the resistance of mercury dropped
to zero (zero-resistance), which was the discovery of superconductivity (type-I supercon-
ductor). Twenty-two years later, in 1933, Meissner and Ochsenfeld found that when a
spherical superconductor is cooled down to its transition temperature in a magnetic field,
it excludes the magnetic flux (perfect diamagnetism). The report of the perfect diamag-
netism led the London brothers ef al. to propose equations that explain this effect and
predict how far a static external magnetic field can penetrate into a superconductor. The
next theoretical advance came in 1950 with the theory of V. L. Ginzburg and L. D. Lan-
dau, which described superconductivity in terms of an order parameter and provided a
derivation for the London equation (Ginzburg-Landau theory). A present theoretical un-
derstanding of the nature of superconductivity is based on the BCS microscopic theory
proposed by J. Bardeen, L. Cooper, and J. R. Schrieffer in 1957. The Ginzburg-Landau
and London results fit well into the BCS formalism. In the same year unprecedented
superconductor (type-II superconductor) was discovered by A. A. Abrikosov. This kind
of superconductors has mixed phase where the magnetic flux is able to penetrate in quan-
tized units by forming cylindrically symmetric domains between the lower critical mag-
netic field and upper critical magnetic field. The difference between type-I and type-II
superconductor can be explained with the penetration depth A by which the exponential
drop of magnetic field is characterized, and the coherence length & which is the range
of interaction creating the superconducting state. In type-I superconductors the coher-

ence length is large & > A, while & < A is true for type-II superconductors. Therefore the
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thickness of the interface (A «< § —A) and the interfacial energy of type-I superconductors
are positive. In 1986, a breakthrough in materials, namely, high-temperature supercon-
ductivity was discovered by J. G. Bednorz and K. A. Miiller. These materials are type-II
superconductors. In recent years many other types of superconductors have been studied,
particularly the heavy fermion systems.

For this study, it is very important to mention especially the history of research on
the intermediate state in type-I superconductors. In the 1970’s, a lot of experimental
studies were demonstrated with Faraday microscopy and there were many evidences of
flux tubes array, flux lamella pattern, and labyrinthine pattern[84][85]. But there were no
analysis on the domain structure transition between each patterns. In the 1980’s and the
beginning of the 1990’s, very few studies were reported on the intermediate state. As for

the dynamics of flux pattern, a few papers were published[86][87][88][89][90].

7.2 Meissner effect

One of the most important properties of the superconductor is perfect diamagnetism
called Meissner effect’. Below the critical temperature and critical magnetic field the
superconductor exhibits perfect diamagnetism. The critical magnetic field decreases with

increasing temperature, empirically according to the law,

(1) = 1.0 (1 - T—Z) , 1)

where H.(T) is the critical magnetic field at the temperature 7, and T is the critical
temperature.
Table 7.1 shows the critical magnetic field H.(0) and the critical temperature 7, of

the superconducting elements[91].

Table 7.1: Values of H.(0) and T of the superconducting elements.

Zn Cd Hg Al  Ga In TI  Sn Pb
H.(0)((mT) 53 3.0 41.1 99 51 283 162 30.6 80.3
T.(K) 0.88 0.56 4.15 1.19 1.09 341 137 3.72 7.18
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7.3 Intermediate state in type-I superconductors

Intermediate state in type-I superconductors is a mixed state consisting of fully diamag-
netic, superconducting domains and normal state, flux-bearing domains. They can be
observed in slabs placed in a perpendicular magnetic field as explained below.

In case of a long, thin cylindrical superconductor in parallel external magnetic field,
the magnetic field H at the surface equals the applied magnetic field. For other geome-
tries, the magnetic field at a certain part of the surface will exceed the applied magnetic
field, as is illustrated in Fig. 7.1. In case of a spherical superconductor the magnetic

H,
AA A A A A A A

A
Q L Figure 7.1: The magnetic field distribution
\ around the superconducting sphere. For ap-
\ plied magnetic field H, less than %HC, there
is a complete Meissner effect and the mag-
netic field at the equator (at any point circle
O is %Ha, the magnetic field at the poles
(Q.Q’) is zero. For 2H, < H, < H,, the

/ sphere is in the intermediate state.

Q/

Hq

field at the equator is 3/2 of the applied magnetic field H, therefore there must be a co-

existence of superconducting and normal regions for 2/3 < H,/H. < 1 . By using the
demagnetizing factor 1, the intermediate state is observed in the following range:

Ha
1— — < L. 7.2
<< (7.2)

C

The demagnetizing factor is found equal to O for the long, thin cylinder or thin plate in a
parallel magnetic field, to 1/3 for a sphere, to 1/2 for a cylinder in a transverse magnetic
field.

In case of the flat slab (film) in a perpendicular magnetic field, the demagnetizing

factor for this case is ~1. Therefore the intermediate state can be nearly always seen.
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At very low applied magnetic field compared with H, the sample is in the complete
diamagnetic state: the magnetic flux is totally expelled. Due to the demagnetizing factor,
the local magnetic field near the sharp edges of the sample is larger than the applied
magnetic field and reaches the critical magnetic field for a very low value of the applied
magnetic field. Then the magnetic flux can start to penetrate in the sample with further
applied magnetic field up to the complete transition to the normal state.

The morphology of observed patterns consists in coexisting normal state domains
with cylindrical shape (bubbles) and branched/intricate fingered shape (lamellae) sur-
rounded by superconducting matrix as shown in the schematic drawing of Fig. 7.2.

Pattern formation is essentially due to the competition between long-range forces be-

Figure 7.2: A thin slab of type-I super-
conductor viewed along the applied mag-
netic field H,. Dark regions represent nor-
mal state.

tween domains and short-range forces described by an interfacial tension between the
two phases. The former is due to the repulsive magnetic interaction between flux bear-
ing domains. It tends to distribute the magnetic flux into a large number of small size
domains in order to minimize the curvature of magnetic field lines above and below the
sample. On the other hand the interfacial tension tends to gather all the flux in a single

domain in order to minimize the interface length.
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Motivation, purpose, and research plan

As we mentioned in Sec. 7.1, in the 80’s and the beginning of 90’s, very few studies of
the intermediate state were reported. In 1996, there were renewed studies about the inter-
mediate state from the theoretical side[92]. In those days the domain structures and com-
parison of different kinds of systems were studied[92][93][94][95][96]. Nowadays the
improvement of the Faraday imaging technique with novel magneto-optic layers makes
it possible to study the flux pattern with high resolution[97][98]. This kind of study will
be possibly extended towards investigation of the flux dynamics in type-I superconduc-
tors. Furthermore, it is potentially useful for the understanding of magnetic flux jumps
caused by vortex bundles, in conventional as well as high-7; superconductors.

The purpose of our study is to investigate the flux tube pattern formation in the inter-
mediate state of type-I superconductors with the high resolution Faraday imaging tech-
nique. The most important questions are the formational mechanism of the shape of flux
tubes array and the cause of their size. This study will be applied to the analysis of the

transformation from flux tubes to lamellae.

Research plan

Our research plan consists of 3 steps as follows.
1. Design, optimization and fabrication of the sample with the magneto-optic layers.
2. Design and optimization of the cryostat.
3. Study of the magnetic flux patterns in the intermediate state of type-I supercon-

ducting thin indium and lead films.
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Through this study, we should compare the experimental results and the predictions of
models. Moreover, the key parameters that control the flux tube and lamella size should

be determined towards better understandings of flux penetration mechanism.
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Theoretical background

There are several models that analyze the magnetic flux patterns in the intermediate state
of type-I superconductors. A theoretical consideration of the intermediate state structure
in type-I superconductors was first given by Landau in 1937 (Landau model)[99]. In 1971
a highly simplified but useful model of the intermediate state patterns were proposed by
R. N. Goren and M. Tinkham (Goren-Tinkham model)[100][101]. A next developed
theory was proposed in 1996 by A. T. Dorsey and R. E. Goldstein[92][95] in which the
normal state domains are modeled as current loops (Current Loop model). This model
is shown to be equivalent to the Surface Charge model[102]. Since transition between
normal state and superconducting state is assumed to be reversible, each model considers
the thermodynamic free energy to find the size and shape of the superconducting and
normal regions. In this section, these models, which consider an infinite flat slab of
thickness d > A in a perpendicular magnetic field, are reviewed. An extension of the
Current Loop model, the Constrained Current Loop model, very recently developed for

superconductors, will be also presented[102].

9.1 Landau model for magnetic flux lamellae

In the Landau model the intermediate state is assumed to have an one-dimensional peri-
odic lamella structure, in which the normal lamellae near the surface broaden in order to
reduce the magnetic energy above the surface as sketched in Fig. 9.1.

Such structures arise from a competition between the magnetic energy, the condensa-
tion energy of the superconducting regions, and the interfacial energy between the normal

and superconducting regions. In this theory the energy of normal regions is regarded as
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Part 1T 9.1 Landau model for magnetic flux lamellae
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Figure 9.1: Lamellae in the intermediate state. Superconducting regions are shaded.
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The condensation energy per area is[99]

E. H?’d H?d(a, a, (H,
A" sn ! sm {z*afc <E>} O
with
2
fu(h) = L =h [(1+h)2In(14+h)+ (1 —h)*In(1—h) —(1+h>)In(1+4%)], (9.2)

21

where d is sample thickness, H, is applied magnetic field, H, is the magnetic field at
normal region. The third term is due to the condensation energy lost from the thinning of
superconducting regions near the slab surfaces.

The magnetic energy per area is[99]

E, H> HH, H? H,
ey gy n 4 .
A 8n S 8T d+47tafm“g H,)’ ©-3)
with
Frnag(h) = %[(1 +h)>In(1+h) —2hIn(8h) — (1 —h)*In(1 — k)
—h(14h*)In(1 4 h%)],

9.4)
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Part 1T 9.1 Landau model for magnetic flux lamellae

where L; is some large distance away from the top surface of the sample. The first term
in Eq. (9.3) is the energy of the external magnetic field in the absence of the sample,
the second is the bulk magnetic energy of a uniformly magnetized sample and the third
arises from demagnetizing magnetic field.

The interfacial energy is phenomenologically given

En H?2Ad
A 8t a’

9.5)

where A is the width of the interfaces.
Summing these contributions and using flux conservation a,H, = aH,, the free-

energy density (the energy per area) is
E H? H2d a, (H,\? a
—=—=L < [—1 — — | —
A s " 811:[ +{a+ H.) ay
A a1, (H, H,\? H,
2 —+=<=fc| =— — | fnae | =— .
+ <a+d{2fc (Hn>+<Hc> fag (Hn (96)

It is difficult to minimize this expression with respect to both a, and a. The usual proce-

dure is to minimize the bulk terms with respect to a,, which yields H, = H,: the magnetic
field in the normal areas is equal to the critical magnetic field. Then we substitute H,, by
H, in the expression of the energy and we minimize with respect to a. The equilibrium
period of the intermediate-state structures is obtained by minimizing the free energy with

respect to a:

dA

- 9.7
Fo(HoJH)’ O

where f7.(h) is

fl(h) — %fc(h)_“fmag(h)

= %[(1 +h)* In(14+h)+ (1 —h)*In(1 — k) — (1+h*)*In(1 + h?) — 4h*In(8h)).

(9.8)

Since the mathematical techniques to solve the problem of the one-dimensional lamel-
lae array cannot be used for a two-dimensional tubes array, this model is not appropriate

for the tubes array.
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Part 1T 9.2 Goren-Tinkham model for magnetic flux tubes and lamellae

9.2 Goren-Tinkham model for magnetic flux tubes and
lamellae

First, as shown in Figure 9.2, the intermediate state at the surface of a sample with thick-
ness d is assumed to consist of a triangular array of normal flux tubes spaced a distance
a apart. They are hexagonal in shape with width D in order to insure that they are close

packed at the critical magnetic field. The equilibrium period of this spot pattern is found

= Figure 9.2: Triangular array of hexagonal
""""" ' 4 ' normal tubes, shown shaded.

.................

by minimizing the following two a-dependent terms in the total free energy.

1. the surface energy E of the normal-superconducting interfaces,

£ AH? y the area of the interface _ H2ADd
1= 8T between normal and superconducting regions |  2ma2 ’

9.9)

where H.(~ H,)is the magnetic field at normal region, A(e< & — L) is the thickness

of the interface.

2. the energy E, due to magnetic field distortion near the sample surface,

H? H?
Ey = =< p,(1 —pp) X 2L = 2L.—<p,ps, 1
P 87tp( Pn) X o PP (9.10)

where ps(= 1 —p,) is the fraction of the superconducting surface area, L given
below is the height above the surface in which the magnetic field inhomogeneity

is greatly reduced on both sides of the sample (see figure 9.3). It is approximately

1 1\! 1 1 \!
L~ —+— ~ | — ) 9.11
(as+an> <D+a—D> O-1D)
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Part 1T 9.2 Goren-Tinkham model for magnetic flux tubes and lamellae

The loss of condensation energy due to broadening of the normal regions near the sample
surfaces is neglected here since the result of this contribution is small.

The total a-dependent free energy is found as

H;
Ey\+E,= —

- 9.12)

4ADd  2D(a—D)
+ PnPs | -

2

a a

Minimizing the sum with respect to a, the equilibrium spacing and diameter is given

)™ = <h<1 i m) E

where / is the reduced magnetic field (h = D?/a®> = Hy/H,. = p,).

D(h) = h2a(h), (9.13)

From these equations, we can roughly estimate the behavior of spacing and diameter

as a function of reduced magnetic field,

2dA
a = \/= D— V2dA (h—0),

a — oo, D—a (h—1). (9.14)

Next, the lamella intermediate shape (Figure 9.3) is calculated with the same proce-

dure,

tametia _ HE 2.2
E5 = Epnpsa, (9.15)

where a = as + a,,. Then the equilibrium spacing for the case of normal lamellae is given

lamella __ v dA — v dA
PnPs h(l - h) '

Compared with Landau model, the magnitude of the difference in free energy is very

a(h) 9.16)

small. The free energy of tubes and lamellae are expressed as followed
HZ
plamelle = 2\ JdAR (1 = h)?, 9.17)
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Figure 9.3: Schematic drawing of magnetic flux through the sample in the interme-
diate state. Flux density is H, at large distances, zero in the superconducting regions
(shown shaded), and H,, (= H,) in the normal regions.

2
Eube — %\/M’Ahz(] —h)(1—Vh). (9.18)

For both flux-pattern geometries, surface energies (E1 and E,) are equal for all d when the
pattern spacing has adjusted to optimum value. Thus it can be found that optimally sized
flux tubes are so close in energy to lamella layers that it is not possible to determine the
ground state of the system. The path of the flux entering the sample can be important in
determining the flux pattern. Therefore, further detailed calculation is needed to analyze

a transformation from flux tubes to flux lamellae structures.

9.3 Current Loop model

The Current Loop model was introduced by Dorsey and Goldstein[95]. In this model the
intermediate state pattern is considered as a set of domains of any shapes with straight
domain walls. Supercurrents that provide the screening of the applied magnetic field
flow along the normal superconducting interfaces. They are confined in a thickness of
the order of A, considered as negligible compared with other distances. The domains

are interacting with each other due to the magnetic fields created by these currents. This
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Part 1T 9.3 Current Loop model

interaction is calculated as if these currents were interacting in the free space. Surface
supercurrents that flow along the slab top and bottom surfaces are neglected. The Current
Loop model allows to consider problems which are impossible to solve by the previous
models, for example the tube-to-lamella transition.

In the macroscopic approach, the total free energy E of a configuration of flux do-
mains arises from the condensation energy E., the interfacial energy FEj,,, and the mag-

netic energy E,,. Then the total free energy is E = E. + Ej;;; + E,,,. E; and E;;;; are

H? H?
Ee=V2=pn, Eint = éAdZLi, (9.19)

where V is the total volume containing the two phases, H, is the critical magnetic field,
pn = An/A is the area fraction of the normal phase, A is the width of the interfaces, d is
the sample thickness, L; is the perimeter of the superconducting zones.

In this model, the magnetic energy inside the sample is calculated with the interac-
tions of screening currents flowing at the interfaces between the normal and supercon-
ducting zones. The direction of the flow is so as to cancel the applied magnetic field in the
superconducting regions and augment it in the normal regions. Therefore, the magnetic

energy is computed as a sum of three terms:

—»—»

H? . H.H, i
En = 1—p,)V—— 2
- (1 =p)V Z/ dz/ dz?{ds%dsR (9.20)

ij

where M = —H,, /47 is the domain magnetization in the presence of the external magnetic
field, 7;, 7; are the unit vectors tangent to the current flow (see appendix B.1). The first
term is the energy due to the magnetic field without the sample, the second is due to
the interaction between H, and the supercurrent, and the third is ascribed to the self-
and mutual interaction of the supercurrent. The free-space current-current interaction is
Coulombic, with R;; = {[i — 7]+ (z — Z)? }2 Performing the z and 7’ integrals, the
magnetic energy becomes[95]

H2

T8t

.41, - =

®(R/d) is the potential,
1 4 i n21—1
D(R/d) — —/ dz/ dZ[R+ (:— 7))
2d Jo " Jo

= sinh '(d/R)+R/d—\/1+(R/d)?,
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where R = |7 — r | the in-plane vector between points. In Sec.11.3.2 we shall use Eq.
(9.19),(9.20) to calculate the energy of the flux tube lattice. This model leads to an analyt-
ical expression of the energy. Unfortunately this expression contains a slowly converging
series (see appendix B.2). From the point of view of numerical calculation the equivalent

Surface Charge model, which is presented in the next section, is more appropriate.

9.4 Surface Charge model

It is well known in magnetostatics that the magnetic field created by a distribution of
surface currents (or equivalently by a uniformly magnetized medium with magnetiza-
tion M) can be obtained from the electric field that would created by the same medium
with unit volume charge. A uniformly polarized medium with polarization P can be
equivalently described by a distribution of surface charges with surface charge density
6 = P-7i. Therefore the current loops which circulate on the interfaces between normal
and superconducting regions in the intermediate state can be also replaced by a collec-
tion of domains with virtual magnetic surface charges on the top and bottom surfaces.
With this model the magnetic energy can be expressed by the magnetic scalar potential
v which includes the sum of two explicit single layer potentials created by the surface

charges with densities +H,, /4w at z = 0 and z = d, respectively:

9.23
/{ (z— d)2}1/2 4T /{ (F—7) +Z2}1/2 ( )
Due to H = Vv the magnetic energy E,, can be written as:
H?  H,H, 1 [
E, = 1—p,)V—— [ H*aV
8 4n ~(1=pn) &n /
= (1—p )V — Mz// : ds'ds
87t " F—F)24+d?}1/? ’
(9.24)
where M = —H,, /4~ is the effective magnetization of the normal phase. This equation

leads to an easier calculation of the magnetic energy than with the Current Loop model.

This model enables us to compare the free energies of the tube and the lamella lattice,
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Part 1T 9.5 Constrained Current Loop model

which is impossible in Landau or Goren-Tinkham models. Moreover, a tube-to-lamella
transition can be predicted to occur when the volume fraction of the normal state in-

creases.

9.5 Constrained Current Loop model

In both the Current Loop model and the Surface Charge model the domains are inter-
acting with each other as in the free space. As it was already mentioned the Current
Loop model as well as the equivalent Surface Charge model neglect the screening cur-
rents flowing along the top and bottom surface of the slab in the superconducting regions
as shown in left sketch of Fig. 9.4. These currents actually prevent the magnetic field
created in the normal regions from penetrating in the superconducting regions as shown

in right sketch of Fig. 9.4.

A ok AAA A A
1 o © ] ®
) ®
1L o © ] ®
\
free space superconducting matrix

Figure 9.4: Schematic drawing of local magnetic field in the vicinity of the flux
tube in the free space (left) and in a superconducting matrix (right).

The Constrained Current Loop model, which is a modification of the Current Loop
model and Surface Charge model, can easily deal with the effect of surface screening on
the top and bottom surfaces of the superconducting regions by taking into account only
the magnetic interaction between surface charges of same face. This is realized by taking

d — o in Eq. (9.23) (9.24). Therefore this model is named Constrained Current Loop
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Part 1T 9.5 Constrained Current Loop model

model due to this limit. As we shall see in Sec. 11.4.3, the Constrained Current Loop
model provides much better agreement with the experimental results than the previous

models especially for thin samples.
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Chapter 10

Experiments

10.1 Concept of magneto-optical measurement

The magnetic flux patterns in the intermediate state have been experimentally studied by

various techniques,
1. moving a tiny magnetoresistive or Hall effect probe over the surface,

2. making powder patterns with either ferromagnetic or superconducting (diamag-

netic) powders (Bitter decoration technique),

3. using the Faraday magneto-optic effect in transparent magnetic materials in contact

with the surface of a superconducting film as magneto-optic layer (MOL).

In order to get a high-resolution image of the magnetic flux pattern, one of these
methods, Faraday microscopy (the above 3.), is the most useful[97][98]. A schematic
drawing of the Faraday imaging technique is shown in Figure 10.1.

The linearly polarized light enters the MOL in which the Faraday effect occurs and is
reflected at the mirror layer. In areas without flux, no Faraday rotation takes place. This
light is not able to pass the analyzer that is set in a crossed position with respect to the
polarizer, hence the superconducting regions stay dark in the image. On the other hand,
in regions where flux is penetrating, the polarization plane of the incident light is rotated
by Faraday effect so that some light passes through the crossed analyzer, thus the normal
areas will be brightly imaged.

Fig. 10.1 shows the case of non-zero reflection angle, whereas in the experiment it is

usual to use perpendicular incident light (Faraday configuration).
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Figure 10.1: Schematic drawing of the Faraday effect.

The Faraday rotation angle is transformed into light intensity levels. The sample
surface is imaged onto a CCD detector array. In case of crossed polarizer and analyzer

the intensity of the signal out of the CCD detector is
I(r,\, B) = In(r,\) sin® (0 (r,A, B)) + I, (1, ), (10.1)

where r is the spatial coordinate on the CCD surface, A is the wavelength of incident
light, B is the applied magnetic field, 6 is the Faraday angle, and I is the light inten-
sity reflected by the sample. 77 is the background signal ascribed to the dark signal of
CCD and residual transmission of crossed polarizer and analyzer. When the analyzer is

uncrossed by 0,
I(r,\,B) = Io(r,A) sin?(0 +O0r(r,A, B)) + 11 (1, A). (10.2)

The angular position 0 of the analyzer should be adjusted to obtain the best contrast
between superconducting (6 = 0) and normal (67 #~ 0) areas. Changing the sign of 0
normal areas can appear brighter or darker than superconducting areas. In our experiment

the angle 0 is set to get black normal areas and gray superconducting areas.

65



Part 1T 10.2 Magneto-optic layers

10.2 Magneto-optic layers

10.2.1 Conventional magneto-optic layers

As for the typical conventional MOLs, essentially, thin layers of Eu-based MOL (Eu
chalcogenides, e.g. EuS and EuF, mixtures, EuSe) and doped yttrium iron garnet (YIG)
films have been used[103]. Eu compounds are usable up to critical temperature of
ferromagnetic-paramagnetic transition (~ 15—20 K) because their Verdet constants de-
crease with increasing temperature. Garnets can be used up to room temperature.

Since EuS undergoes ferromagnetic ordering below 7. ~ 16.3 K, a mixture of EuS
with EuF; is better used. EuF; stays paramagnetic down to very low temperatures, there-
fore the ordering temperature of the mixture can be tuned by the ratio EuS : EuF;. But
there are several problems; difficulty of preparation due to difference of melting temper-
atures, and necessity of a co-evaporation technique.

Then the single-component EuSe layer has been further used because even in the bulk
EuSe is paramagnetic down to 4.6 K and it has a larger Verdet constant. Below 4.6 K,
EuSe becomes 'metamagnetic’, however, the reappearance of magnetic domains in the
EuSe layers is not seen down to 1.5 K. But there is also a problem owing to the toxicity
of Se compounds.

On the other hand, due to their high transition temperature (Curie temperature),
bismuth- and gallium-doped yttrium-iron garnets (YIG) have been developed and used
for the study of high-7, superconductors. They are disadvantageous since they show fer-
rimagnetic domains, however, these MOLs are developed further by the introduction of
ferrimagnetic garnet films with in-plane anisotropy. Using such films, the optical resolu-
tion is about 3 um, but a direct observation of the magnetic flux patterns is possible and
the advantages of the garnet films, i.e. high magnetic field sensitivity, large temperature
range, are kept.

Generally this kind of MOL often has the demerit of poor spatial resolution because
of the thickness of several micrometers. Furthermore, self-magnetic ordering that may
modify the flux distributions in superconducting samples could limit their use. However,
it was recently reported that an optimized ferrite garnet film allowed the observation of

single flux quanta in superconducting NbSe,[104].
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Part 1T 10.2 Magneto-optic layers

10.2.2 Novel magneto-optic layers

In this section we refer to an alternative type of MOL[97][98] based on semimagnetic
semiconductor (SMSC) Cd;_,Mn,Te developed at Groupe de Physique des Solides (GPS).
It consists of SMSC (or also called diluted magnetic semiconductor (DMS)) Cd; _,Mn, Te
quantum wells (QWs) embedded in a semiconductor-metal optical cavity. SMSC is well
known to exhibit a large Faraday rotation mainly due to the giant Zeeman splitting of
the excitonic transition ascribed to sp-d exchange interactions between spins of magnetic
material and band electron spins. The most advantageous point is no self-magnetic order-
ing due to paramagnetic behavior of Mn ions. Therefore, it is very convenient since there
is no possibility to modify the magnetic flux patterns of intermediate state of type-I super-
conductors. There are several other advantages of this MOL. It is easy to increase Fara-
day rotation by making an optical cavity (metal/semiconductor/vacuum) with a thickness
~ (2n+ 1)A/4. Multiple reflections of light take place inside the cavity. Moreover, in
order to adjust the cavity thickness at the desired wavelength, a wedged structure is con-
structed. The highest spatial resolution is obtained when the superconducting film is
evaporated directly onto the MOL. This is because the smaller the distance between the
MOL and the sample is, the better the magnetic imaging becomes since there is little
stray magnetic field effect.

In addition to these ideas already proposed for conventional MOL (EuSe)[103], there
is another strong point. Using QWs is also interesting due to low absorption, easy adjust-
ment of the balance between absorption and Faraday rotation by choosing the number of
QWs, and the possibility to have a thin active layer (QWs) in a thick MOL in order to
keep a good spatial resolution. When a Cd;_,Mn,Te QW is inserted in an optical cavity
the Faraday rotation can be further increased by using a Bragg structure, that is, placing
the QWs at antinodes of the electric field in the optical cavity.

In order to make an optical cavity, Al or the superconductor itself if it is a good
reflector, should be evaporated on top of the cap layer as a back mirror. In order to obtain
the largest Faraday rotation, a minimum of the reflectivity spectrum has to be matched
with the QWs transition. This is the resonance condition. However, the reflectivity, which
decreases at the QW transition when the resonance condition is fulfilled, has to be kept
to a reasonable level compatible with a good signal-to-noise ratio. Therefore an optimum

number of QWs has to be found in multi-quantum well structures. The Mn composition
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of the QWs also has to be optimized. It governs not only the Zeeman splitting of the
excitonic transition but also the linewidth.

The time decay of the magnetization of the Mn ions in SMSC is known to be fast,
in the sub-nanosecond range, since it is governed by spin-spin relaxation rather than by
spin-lattice relaxation[105][106]. This opens the way for time-resolved imaging studies
with good temporal resolution, e.g. the study of the dynamics of flux penetration.

On the other hand, there are also problems at the fabrication. It is troublesome to
remove GaAs substrate by chemical etching with keeping fragile layers. Furthermore,

the chemical etching solution strongly reacts with some metals e.g. lead.

10.3 Sample preparation and characterization

10.3.1 Lead with europium sulfide magneto-optic layers

Since lead is very reactive with the chemical etching solution used to remove the GaAs
substrate from the SMSC sample, we tried to use EuS as a MOL. The sample is shown
in Fig. 10.2.

MOL (EuS) 1450 A

glass irror (Al) 1500 A
mirror
lue | A/L/
) T~ — superconducting
olass film (Pb) 120 um

Figure 10.2: Schematic drawing of Pb with EuS sample. The thickness of EuS,
Al, and Pb are 1450 A, 1500 A, and 120 um, respectively. EuS is fabricated by
Joule-effect evaporation. The EuS MOL is fixed on the Pb by pressing all night.

The thickness of EuS MOL fabricated by Joule-effect evaporation on a 0.4 mm glass
substrate is 1450 & 150 A hence it is thin enough for good spatial resolution. A 1500 A
thick Al layer is evaporated on the EuS MOL as a mirror in order to get high reflectivity.
The EuS MOL is pressed on Pb with a weight and left one night. Lead is purchased from

Goodfellow Company in sheets of controlled thickness.
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Part 1T 10.3 Sample preparation and characterization

A typical reflectivity spectrum and Faraday angle curve of EuS MOL used for our

experiment are displayed in Fig. 10.3.
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Figure 10.3: Right scale: light reflection spectrum for zero applied magnetic field
H=0 mT at T=2 K. Left scale: Faraday rotation-angle spectrum for H=53.3 mT.

For our experiment we use a tungsten-halogen lamp and an interference filter at 700
nm to get good reflected light and large Faraday rotation angle from the sample. Indeed
EuS MOL may be expected to disturb the flux pattern, but no self-domain could be ob-
served in our EuS sample, consequently it is usable for the Faraday microscopy. Using
microprobe analysis we found a layer content of oxygen in EuS. The layer probably con-
sists of a mixture of EuS and EuO. This may explain why we did not observe magnetic

domains in the MOL.

10.3.2 Indium with quantum well magneto-optic layers

The sample consists of an indium layer as superconducting materials and a Cd;_,Mn,Te/

Cd;_yMg,Te heterostructure as MOL. The structure is sketched in Fig. 10.4[98].

The semiconductor heterostructure was grown by molecular beam epitaxy at the In-

stitute of Physics in Warsaw. The Cdg gsMgo.15Te buffer was deposited on (001) GaAs
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. Cd.04Mng gsTe 100 A QWs
Indium

10z I
%

617 A| |558 A| |558 A| | Wedged barrier

va

Cdp.gsMgp.15Te QWs

Figure 10.4: Schematic representation of the sample composition (not to scale)
after the etching of the GaAs substrate.

substrate without rotation of the sample holder resulting in a slight gradient of both the
thickness of the buffer and its refractive index. The buffer was followed by three 100 A
Cdp.94Mng o Te QWs separated by Cdy gsMg 15Te barriers 558 A thick. A 10 um thick
indium layer was then evaporated directly on top of the 617 A Cdy.gsMg 15Te cap layer.
The MOL is designed as an optical cavity and indium serves both as superconducting
layer and cavity back mirror. The first and third QWs are nearly located at antinodes of
the electric field in the cavity in order to enhance Faraday rotation. The indium-covered
side was glued on a glass plate and the GaAs substrate was removed by mechanical thin-
ning and selective chemical etching. For the Faraday microscopy the spatial resolution
was checked to be 1 ym, magnetic resolution 10 mT, the range of temperature for use
should be up to 20 K.

A typical reflectivity spectrum and Faraday angle curve are displayed in Fig. 10.5.
The reflectivity spectrum presents an interference pattern associated to the metal/semico-
nductor/vacuum optical cavity. This pattern shows a spectral shift when the illuminating
spot is scanned along the sample surface, according to the thickness variation of the cav-
ity. The maximum Faraday angle is observed when a minimum of reflectivity is matched

with the QW transition energy (the cavity resonance condition). The peak Faraday angle
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Figure 10.5: Left scale: light reflection spectrum for zero applied magnetic field H
=0 mT at 7=2 K. Right scale: Faraday rotation-angle spectrum for H=56 mT.

was found to vary linearly with the applied magnetic field H. The measured slope equals

to 54.4 deg T~ at the QWs (e1-hh1) exciton transition.

10.4 Experimental set-up

Magneto-optical imaging is performed using pumped liquid helium immersion-type cryo-
stat equipped with a microscope objective. This objective with the numerical aperture
0.4 is placed in the vacuum part of the cryostat and can be controlled from outside. The
samples are studied in a magnetic field applied from exterior coils. The optical setup is
similar to a reflection polarizing microscope as shown in Fig. 10.6. Before measuring
the samples are zero magnetic field cooled down to 1.8 K. The indium-with-QWs sample
is illuminated with linearly polarized light from a Ti-Sapphire laser, through a rotating
diffuser to remove laser speckle. In case of lead-with-EuS sample a tungsten lamp with
an interference filter is used as a light source. Reflected light from the sample passes
through a crossed or slightly uncrossed analyzer and is focused onto the CCD camera.
The spatial resolution of 1 ym is limited by the numerical aperture of the microscope

objective.
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10.4 Experimental set-up
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Figure 10.6: Experimental setup for Faraday imaging technique.
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Chapter 11

Results and discussions

11.1 Magnetic flux pattern in indium: general features

In this section we show the typical evolution of intermediate flux patterns as a function of
magnetic field in superconducting thin film using Faraday imaging technique. Fig. 11.1
shows an intermediate state structure at the surface of the indium superconducting layer
obtained at 7=1.9 K for various magnetic field values from 0.5 to 15.0 mT. From Eq.
(7.1) the critical magnetic field of indium at 1.9 K is 19.4 mT.

Black and gray areas are normal and superconducting state, respectively. The intricate
flux pattern results from the competition between long-range repulsive magnetic interac-
tions between normal zones and short-range interactions due to the positive interfacial
energy between normal and superconducting areas.

The raw images have to be processed in order to correct the intensity fluctuations of
the reflected light due to thickness fluctuations of the MOL and of the sensitivity of CCD
detector. In order to obtain an intensity level proportional to the Faraday angle the gray
level of each pixel should be calculated as

y_ Ti—Th 2

— ~— 11.1
If—If=y o (b

Y

where If} is the raw gray level obtained for an applied magnetic field H and an analyzer
angle o and 0 is the Faraday angle. However actually the intensity level of each pixel is

calculated as

L1

— : (11.2)
I

This procedure is faster and sufficient to enhance the contrast and facilitate the analysis of
the magnetic flux pattern spacing and of the area of normal zones. As it can be seen in Fig.

11.1, the normal state areas (black level) are separated by superconducting regions (gray
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Part 1T 11.1 Magnetic flux pattern in indium: general features

level) in the intermediate state. At low applied magnetic field, first, several flux tubes
(dark spots) appear (a) and the intermediate state patterns transform from normal state
flux tubes to long lamellae (dark corrugated stripes) (b). This transformation continues
(c) - (f) until when the lamellae become almost dominant (g). Then the intermediate state
patterns is composed of dense lamellae, namely, labyrinthian pattern. With larger applied
magnetic field the width of lamellae gradually increases (h) - (j), and then the normal state
prevails over the superconducting state. Additionally, with increasing magnetic field the
lamella width and length of superconducting state decreases and the superconducting
spots can be observed (k) - (n).

Atlow applied magnetic field, typically smaller than one third of the critical magnetic
field, we observe the coexistence of a disordered array of flux tubes and a lamella-like
quasi-periodic pattern. Indeed the free energy of the flux tube periodic array and of
the periodic lamella pattern are known to be very close[102]. When the magnetic field
increases the lamella pattern becomes dominant over the tube pattern. The white regions
observed in images (a) - (j) correspond to places where the magnetic flux was trapped
in the reference image at H = 0. Once the magnetic flux is trapped inside the sample
due to impurities and defects it stays even when the magnetic field is decreased to zero.
Especially at low magnetic field we can follow the movement of flux tubes by comparing
the position of black and white spots (a) - (¢c). As shown at the right-hand side of the
images in (a), (b), there is no magnetic flux in the ~50 um wide region from the right
edge of the sample, which is called ’diamagnetic band’. The diamagnetic band exists in
applied magnetic field up to 2 - 5 mT and is associated with a geometrical metastable
barrier[107]. In this magnetic field range, the flux tubes penetrate irreversibly into the
sample[108]. This band disappears with further increase of the applied magnetic field.
Therefore the flux can reversibly enter from the edges, and the lamella shape of the
flux becomes dominant. The transition from tube to lamella pattern was reported for
other systems: fractional monolayer covering of Pb on Cu[109], Fe;04 kerosene-based
ferrofluids[110], and it was predicted by theoretical calculations[94]. As can be seen in
(k) - (n) the evolution of superconducting state pattern is different from that of normal
state pattern. The width of superconducting lamellae slightly decreases from 8 um at
h=0.4to 3.5 um at h = 0.8. Moreover, the superconducting ring can be found while the
ring of normal state does not exist. Among these interesting results of indium thin film,

we study the behavior of the flux tubes with applied magnetic field in detail in Sec. 11.4.
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diamagnetic band edge

h=H,/H,=0.129 h=H,/H,=0.155
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h=H,/H.=0.753 h=H,/H,=0.773

Figure 11.1: The images of the magnetic flux patterns at the surface of 10 um thick
superconducting In film revealed with the Cd;_,Mn, Te QWs structure as magneto-
optical layer in applied magnetic field (a)0.5 mT (2= 0.026), (b)1.1 mT (h = 0.057),
(©)2.5 mT (h = 0.129), (d)3.0 mT (h = 0.155), ()3.6 mT (h = 0.186), (f)5.5 mT
(h=0.284), (2)6.3 mT (h = 0.325), (h)9.1 mT (h = 0.469), (1)10.4 mT (h = 0.536),
(j)H11.8 mT (h = 0.608), (k)13.4 mT (h = 0.691), (1)13.7 mT (h = 0.706), (m)14.6
mT (h=0.753), and (n)15.0 mT (A = 0.773). Normal and superconducting domains
appear in black and gray, respectively. The edge of the indium film can be seen on
the right-hand side of images where the flux pattern disappears. The image size is
527 um x 527 um. The analyzer was uncrossed by oo = 20° with respect to the
polarizer. The temperature is 7=1.9 K. For images (k) - (n) the reference image was
taken at high magnetic field with the sample in the normal state.
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11.2 Magnetic flux pattern in lead

Fig. 11.2 shows the images of the magnetic flux pattern evolution at the surface of a 120
um thick superconducting lead film for magnetic field values from 16 mT to 56 mT. The
temperature is 2 K, that is, much lower than the critical temperature of lead (7.18 K). The
critical magnetic field of lead at 2 K is H.(2 K)=74.1 mT.

In the same way as for the indium sample raw images were processed in order to
eliminate intensity fluctuations of the reflected light due to thickness inhomogeneities of
the MOL and sensitivity of CCD detector. The quality of the image is further improved
by Fourier transform filtering. Actually the magnetic contrast observed in the images of
Fig. 11.2is not very good. This is most probably due to the poor quality of the EuS layer
that contains a lot of oxygen. Moreover the lead sample is pressed onto the MOL, not
evaporated onto the MOL as for indium. The contact between lead and the MOL may
not be as good as for an evaporated metallic sample.

As it can been seen in Fig. 11.2, at low magnetic field, we observed circular domains
bearing magnetic flux, that is, flux tubes. With increasing magnetic field, the magnetic
flux shape gradually transforms from tubes to lamellae structures. At low magnetic field,
the flux tubes are arranged in a disordered array that becomes regularly ordered as the
magnetic field increases (a), (b). When the applied magnetic field reaches 24 mT, the
flux lamella pattern begins to appear in one direction. Applying larger magnetic fields,
the lamellae grow in all directions while connecting each flux tube.

In the following we shall study the magnetic field dependence of the size of these

structures and we shall compare the results to the theoretical calculations.
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Part 1T 11.2 Magnetic flux pattern in lead

Figure 11.2: The images of the magnetic flux patterns at the surface of 120 ym thick
superconducting Pb film revealed with the EuS magneto-optical layer in applied
magnetic field (a)16 mT (h = 0.216), (b)20 mT (h = 0.270), ()28 mT (h = 0.378),
and (d)56 mT (h = 0.756). Normal and superconducting domains appear in black
and gray, respectively. The image size is 233 umx 233 um. The temperature is
T=2K.
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11.3 Theory

As shown in the previous section, a flux tube-to-lamella transition can be observed.
Therefore it is useful to compare the free energy of flux tube lattice and lamella lattice and
to determine the parameters that govern the flux tube-to-lamella transition. Furthermore,
for a quantitative analysis of the experimental data it is needed to calculate the tubes and
lamellae size and period as a function of the magnetic field and material parameters.

We first review the theory for flux lamella structure. Then, we consider flux tube lat-
tice and isolated flux tube since the theoretical studies for them were not well developed
until now. This enables us to compare the flux tubes and lamellae behavior as a function
of adjustable parameters.

Here we mention the essential parameters. The reduced magnetic field h = H,/H,,
where H, is the applied magnetic field and H, is the critical magnetic field of the super-
conductors, is important as the externally adjustable parameter. It governs the ratio of
normal area over superconducting one in the intermediate state. As the parameter indi-
cating the thickness and the nature of the sample, the magnetic Bond number N = d/TA,
where d is thickness of the sample and A (< § — L) is the width of the interfaces between
normal and superconducting regions, is also important. The Bond number represents the

magnitude of the magnetic energy compared to interface energy.

11.3.1 Flux lamella lattice in the Current Loop model

In this section we briefly review the theory for flux lamella pattern in order to consider
the difference of behavior between flux tube and flux lamella. The flux lamella structure
in the intermediate state of thin type-I superconductors has been analyzed in detail by
using the Current Loop model[95].

We assume that the number of straight normal regions, bounded by superconducting-
normal interfaces, is i with perimeter L; and width w,,. The intermediate state is occupied
with normal regions with volume V,, = dw, ) ; L; and superconducting regions with vol-
ume V —V, ,where V is the total volume. The total free energy is £ = E. + Ej; + Ep,
where E., Ej;;, and E,, are the condensation energy, the interfacial energy, and the mag-
netic energy, respectively. E. and E;,; are written in Eq. (9.19) and E,, is expressed

as[95]
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Fo = Hay, Hitla “(1—pn)V
" T 8m 41 P
_wMZV i [1 —cos(2mnw, /w)] " 27n N e~ 2mdn/w _
T2 n’ w d
H? H? wM? [1— cos(2mnw, /w)] x (e 2™n/w 1)
= 2Vl =PV — -V ,
gn” " g Pl P Z n3d

(11.3)

where w, d, p,, and M are the period of the lamella structure, the thickness of the sample,
the area fraction of the normal phase, and the magnetization M = —H,, /4t ~ —H_ /4,
respectively. The first term of E,, is the bulk magnetic energy and second is due to the
self- and mutual interaction. By minimizing the Ej, + E,, with respect to p, and the
reduced period w/d we can determine the magnetic field value of the normal regions,
the equilibrium period, and width of lamella structure with various magnetic field. In
next sections and Sec. 11.4.3 we consider the flux tubes and the difference of behavior

between flux lamellae and flux tubes, respectively.

11.3.2 Flux tube lattice in the Current Loop model

In this section, I calculate the size and spacing of the magnetic flux tubes by using the
Current Loop model. We consider disk-like flux tubes with radius R arranged in a trian-
gular lattice with lattice constant a as shown in Fig 11.3.

As explained in section 9.3, the total free energy of normal region is £ = E. + Ej; +
E,,, where E., E;;, E,, are the condensation energy, the interfacial energy, and the mag-
netic energy, respectively. In the following we shall denote by E,, E;y;, E,,, energies
per unit area. Taking zero for the energy of the superconducting state, the condensation
energy (loss of condensation energy in normal zones) is expressed as:

V H? ﬁ < V3 )  H,H.

Ez——nNN— NiNp~——a?
c P A32 8 ABza T

(11.4)

where N4 and Np are the total number of unit cells in the x and y directions, respectively,
pn = H,/H, is the fraction of the surface area in the normal state, H, being the applied
magnetic field. The volume is V = NyNpd(v/3a?/2) where d is the thickness of the

sample.
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Ly

Y=

Figure 11.3: Triangular array of circular normal tubes. The unit tangent vector of
current flow is expressed as 7, 7;.

The interfacial energy per unit area is

H? V3 AdRH?
Eiy = =S Ad(2TR)NAN, NiNp~—a? | = <. 11.5
= or (TC)AB/(ABza) W (11.5)

Then we compute the magnetic energy as a sum of two contributions. The first is the

bulk magnetic energy. The second is the self- and mutual induction term of those tubes

(see Sec. 9.3). We calculate the first contribution (see appendix B.1),

VH? VH,H, H?  H,H,

San TS am (L TPn)=dgrtd—p

The first term is the energy of the external magnetic field in the absence of the sample,

Eml =

£(1=pw).- (11.6)

and the second one is the interaction between the magnetization M in the superconducting
zones with the external magnetic field. We calculate the self- and mutual induction term

as (see Sec. 9.3):

MZ d d Z?j
Emz:_?;;/o dz,-/o dzj}{dsi}{dsj - (11.7)

where M = —H,, /41t ~ —H,_ /47 is the magnetization (see appendix B.2). The result is:
Enp = —2mdM*py(1—py)
nR? ) JH(4nd/m? + 12 —mt /\/3a)

+2—M2d Z Z

e e m2+12—mt
y 1 —exp(—4ndvVm? + 12 —mt /A/3a)
dnd/m? +12 —mt /\/3a -
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the prime indicates that the summation is taken all integers except m =t = 0. J; denotes
the Bessel function of the first kind. E,;» appears as a summation over all lattice vectors

in the reciprocal space, each vector being defined as

- 21T m
km’t =— | 2%-m |. (11.9)
a V3

Note that E,» depends only on the modulus of the %m,t vectors. The first term of E,»

is a bulk term and second is a surface term depending on the ratios a/d and R/d. This
surface term becomes quantitatively important only when the thickness of the sample is
comparable to the radius or the period of the flux tube lattice. This can be understood by
considering the analogy with a collection of electrical circuits consisting of solenoids of
finite length arranged in a periodic lattice. When the length of these solenoids becomes
comparable to their radius or to the period of the lattice, the part of the magnetic energy
related to the stray magnetic field becomes important.

The dependence of the total energy on the reduced magnetic field h(=H, /H,) is shown
in Fig. 11.4.

2000 — T T T T T T T T T T T T T T T
Pb
Bond number 636 /'/
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Reduced Field h (=H_/H,)

Figure 11.4: The total energy as a function of the reduced magnetic field.

The total energy is almost linear because the bulk term of free energy is proportional

to h and the ’surface’ energy (E;,, second term of E,;») is quantitatively small. But
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qualitatively it is very important because this ’surface’ energy is determined solely by
the locations of the superconducting-normal interfaces. It follows that minimizing this
energy enables to determine the domain structure, i.e. period and size.

It is convenient to use an energy per unit area expressed in units of 2Ggy: Epnir =

Eunit /265y, Where 6gy = H>A/8m is the interfacial tension, then

T _ V2rh 1

B =ZNpgh , Ep— - 1.1
c 2NB ; nt \/§ xa ( 0)
Bt = gNBhZJrnNBh(l —h), AL11)
~ T
E,, = —ENBh(l—h)

2( —m
—hNBm_Z_m ;—Z_;] Nzn:;z/ﬁ;_t;t )
1 —exp(—4myv/m? 412 —mt /(v/3x))
4/ m? +12 —mt /(v/3x) T (L12)

where N = 2M?d /G5y = d /TA is the dimensionless magnetic Bond number associated
with the nature of material and its size, h = p,, = ©R?/(v/3a* /2) = H,/H, is the reduced
magnetic field, and x = a/d.

In Fig. 11.5 we plot the sum of interfacial energy (E;»;) and magnetic energy (En)
as a function of the reduced period a/d for various reduced magnetic fields.

The bulk term of £, only contributes as a constant energy term. Therefore this plot
represents also the ’surface’ energy but shifted on the energy scale. The minimum of each
curve defines an equilibrium period a/d which depends on the reduced magnetic field &
and the Bond number Np. Fig. 11.6 and Fig. 11.7 show the reduced period and reduced
diameter as a function of the applied magnetic field for various Bond numbers.

The diameter is related to the period by flux conservation, that is : & = 21R?//3a?.
At low magnetic field, flux tubes are small and well separated. The period varies as
1/ V/h. Therefore the flux tube diameter tends to a constant value. At large magnetic field
the diameter increases up to the value of the period, that is, the limit of the close-packed

lattice. In order to go beyond this limit, hexagonal flux tubes should be considered.

84



Part 1T 11.3 Theory

-50L///ﬂ

-100

]

-150

E.tEn (2og)

-200

-250 . 1 . 1 . 1 . 1
0

ald

Figure 11.5: Sum of interfacial energy (E;,) and magnetic energy (E,) as a func-
tion of the reduced period a/d.
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Figure 11.6: Reduced period a/d as a function of the reduced magnetic field 5.
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Figure 11.7: Reduced diameter 2R/d as a function of the reduced magnetic field 5.

11.3.3 Isolated flux tube in the Current Loop model

Experimental data very often show a disordered flux tube array. At very low magnetic
field we observe isolated flux tubes in the image frame. Therefore, it is interesting to
understand what determines the diameter of a flux tube. It is valuable to compare the
contribution of the self-induction part of the magnetic energy with that of the mutual
induction part. In order to understand this point we calculate the interfacial and magnetic
energy of an isolated flux tube.

The magnetic energy is[93]:

16
Enag = TRM2R3 78, (11.13)

where M is the uniform magnetization, R is the radius of the flux tube (see appendix B.3).

£(k) is

flk)= 1—ki3 (2k* = 1DE(k) + (1 - K)K (k) }, (11.14)

where E(k) and K (k) are complete elliptic integrals of the first and second kind, respec-
tively, and k> = p?/(1+ p?), p = 2R/d. The interfacial energy is

E,: = GSNdzﬂ'CR. (1115)
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Then we get the energy in units of 4G5y par unit area £ :

Emag + Ein[ d 2RNB 1

; 1
4oy - TR? 21’?Jr 3d f(k) p+3p Bf(k), ( )

where Np = 2M?d /Gy is the magnetic Bond number. Fig. 11.8 shows the dependence of

E on 2R /d for various magnetic Bond numbers. The minimum of this function defines an

10 T T T T T T T T

Isolated flux tube

(8]

Energy/(4csSN7cR2)
o

Figure 11.8: The energy in units of 4Gy per unit area of isolated flux tube for
various magnetic Bond numbers.

equilibrium diameter 2R, /d for various Bond numbers. By minimizing £ in Eq. (11.16)

with respect to & the relation:

3(1 — k2

) 1 -
Np==—3 {1+k—3[(k2—2)E(k)+2(1—kz)K(k)]} , (11.17)

can be obtained[111], where E(k), K(k), and k are explained above. The equilibrium
diameter is the same as the one calculated for a lattice in the limit of low magnetic field
h — 0. This means that, although the magnetic interaction is a long-range interaction, at
low magnetic field, the diameter of a flux tube in a lattice is mainly determined by the
interfacial tension and the self-induction part of the magnetic energy.

For convenience we plot 2R, /A (=t xNpx (2R, /d)) as a function of d /A (=Npx ™)

in Fig. 11.9. This result can be readily compared with experimental data (2R,,) obtained
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for a given material (A) as a function of the sample thickness (d). The dashed line indi-
cates the limit of stability for a circular flux tube submitted to a perturbation that tends to

elongate it into a lamella shape. It is expressed as[93]:

B (1 —k?)
B+ (1 —k2)(8—3k2)K (k) + (Tk2 — 8)E(k)’

Np (11.18)

where K (k), E(k), and k are explained above.

As it can be seen in Fig. 11.9, with reducing the sample thickness below a few times
A the diameter of the flux tube grows again. However, when the thickness d becomes
comparable to the width of the interfaces A, we reach the limit of validity of the model.
Furthermore, it is known that type-I superconductors change into type-II superconductors
in this range of film thickness. One needs to check experimentally whether tubes diameter

increases or decreases with decreasing d /A below 10.

250

200

stability limit

% 150

2R_/A

100

50

equilibrium diameter -
1

1000 10000

0 ‘. L1l ' L1l
1 10 100
d/a

Figure 11.9: The equilibrium tube diameter as a function of material parameters.
The solid curve represents the equilibrium tube diameter obtained from Eq. (11.17).
The dashed curve indicates the limit of stability obtained from Eq. (11.18). The
dotted line is a boundary between type-I and type-II superconductor.
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11.3.4 Isolated flux tube in the Constrained Current Loop model

Let us compare the predictions of the Current Loop model and the Constrained Current
Loop model concerning the equilibrium diameter of flux tubes in the low magnetic field
limit. In the Constrained Current Loop model, for an isolated flux tube in a thin film
of superconductor, the surface term of the magnetic energy E,, ; (from Eq. (9.24)) and

interfacial energy Ej,; per unit area TR? are written as[102]:

. Ens+Ew HR 20snd
Es = - =
TR? 3m? R
By minimizing Eq. (11.19) with respect to R, the relation:

2R [3
— =4/ 11.20
7 Np (11.20)

can be obtained. For comparison with the Current Loop model this relation is plotted in

(11.19)

Fig. 11.10 with double logarithm plot.

Current Loop model

Tube diameter 2R/d

Constrained Current Loop model

001 V22200 . ‘ . .
0.1 1 10 100 1000
Magnetic Bond number N

Figure 11.10: Logarithm-logarithm plot of the reduced tube diameter 2R/d as a
function of the magnetic Bond number Ny = d/mA. The shaded region corresponds
to type-II superconductivity for very thin slabs. The dashed curve is obtained using
the Current Loop model Eq. (11.17), the solid curve using the Constrained Current
Loop model Eq. (11.20). Both curves represents the equilibrium tube diameter in
the limit H — 0, namely, neglecting tube-tube interactions.
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As can be seen in Fig. 11.10 when the thickness of sample (d) is small, that is, the
magnetic Bond number is small, the difference between both curves becomes remarkable.
In Sec. 11.4.3 we will show that the Constrained Current Loop model provides a better

agreement with our experimental data than the Current Loop model.
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11.4 Flux tubes diameter and quasi-period

11.4.1 Distribution of flux tubes diameters and quasi-periods

a) Lead
The distributions of the tubes diameter and period are shown in Fig. 11.11 and in Fig.
11.12, respectively.

T T T T T T T L

~
o
T

L Pb mimimum value 5.0 (um)

60 | maximum value 18.0 (um) |
mean value 8.7 (um)

0 2 4 6 8 0 12 14 16 18 20
Diameter (um)

Figure 11.11: The distribution of the flux tube diameter in lead. All magnetic field
values are considered.

First it appears that the mean value of the flux tubes diameters and the shape of the
distributions are very close for all values of applied magnetic field. Therefore, we show
in Fig. 11.11 the cumulative distribution of flux tubes diameters for all values of magnetic
field. Note that the width of the distribution is much larger than our optical resolution.
It means that this distribution has a physical significance. As it will be seen later, the
largest size in the distribution is probably related to the stability limit. This distribution
presents also two boundaries. The minimum diameter ~5 ym is much larger than the
optical resolution. Indeed no flux tubes with smaller size exists. The largest size is about
18 pm.

For the period, the distribution changes with the magnetic field. Fig. 11.12 shows
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Figure 11.12: The distribution of flux tube quasi-period in lead at H=12 mT (h=0.16).
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Figure 11.13: The distribution of flux tube quasi-period in lead at H=20 mT
(h=0.27) for vertical direction (black) and horizontal direction (gray). The Gaus-
sian fits are just guides for the eyes.
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the distribution for a magnetic field of 12 mT. As it can been seen from image (Fig.
11.2 (b)) flux tubes seem to be roughly aligned along the vertical direction of the image.
This is confirmed by the statistical analysis of the period value. As shown in Fig. 11.13
there are two distributions of period values for the vertical and horizontal direction of the
image, respectively . Their mean values differ by ~ 2 um. We relate this result to the
observation of scratches on the surface of the sample. These scratches are aligned in one
direction. They may correspond to regions of slightly smaller thickness. Flux tubes tend

to accumulate there because their volume energy is smaller.

b) Indium
The distributions of the tubes diameter and period are shown in Fig. 11.14 and in
Fig. 11.15, respectively. The mean value of the flux tubes diameters are almost constant
for various applied magnetic fields same as for lead. Therefore, we show the cumulative
distribution of flux tubes diameter for all values of the magnetic field in Fig. 11.14.
There is minimum and maximum size. An example of the period distribution for 4=0.07

is shown in Fig. 11.15.

S0F T T T T T T T "~ T T T T 1T "+
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Figure 11.14: The distribution of the flux tube diameter in indium. All magnetic
field values are considered.

93



Part I1 11.4 Flux tubes diameter and quasi-period
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Figure 11.15: The distribution of flux tube quasi-period in indium at H=1.4 mT (h=0.07).

11.4.2 Flux conservation

Prior to further analysis, we must address the following problem: do we measure the real
size of flux tubes? There are two possible reasons for measuring not the real size but an
apparent size of flux tubes. According to theoretical models, the flux tubes have straight
walls well inside the sample. But the normal zones flare out at the surface because the
magnetic field can have only a component tangential to the surface due to boundary
conditions. This effect is important only when the thickness is comparable to the size of
flux tubes, e.g. a case of our indium sample. Furthermore, when there is a gap between
the superconductor and the MOL, the divergence of the magnetic field lines may lead
to an overestimation of the size of normal zones. We notice that these problems do not
affect the measurement of the period. In order to understand whether we obtain a reliable

measurement of the flux tube diameter, we consider the magnetic flux conservation.

a) Lead
The variation of the flux tube diameter and period for lead sample as a function of
the applied magnetic field is shown in Fig. 11.16. The plotted data are average values

obtained from the processed good-contrast images.
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Figure 11.16: Measured flux tubes mean diameter (closed circle) and flux tubes
mean period (closed square) as a function of applied magnetic field. The broken line
represents the value of the flux tubes mean diameter averaged over all magnetic field
values D,,. The solid line is the period calculated from D,,, using flux conservation
(see text). The error bar is defined +6/+/n, where 6 and n are the standard deviation
and the number of data, respectively.

Assuming that the magnetic field in the normal tubes is equal to H,, from flux conser-
vation the fraction p,, of the surface area which is normal must be p,=H,/H,. As show
in Sec. 11.3.2, when the flux lattice of normal tubes is assumed to consist of a triangular

array, the flux conservation equation is

H, TR?

-4 __- 11.21
Hc \/§a2/2 ( )

Pn=

From this equation we can calculate the flux tube period (solid curve) from the flux tube
mean diameter. This result is in good agreement with the experimental data (closed
square) at the magnetic field values 0.1 < H,/H, < 0.42. Atlow magnetic field H,/H, ~
0.05 the experimental data are not reliable because the number of flux tubes in the image
is quite small. For the magnetic field value H,/H, > 0.37 the flux tubes and the flux
lamellae coexist. The existence of lamellae is not taken into account in Eq. (11.21).

This can explain the small discrepancy between the experimental data and the calculated
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Part I1 11.4 Flux tubes diameter and quasi-period

curve. Since the flux lamellae dominate for H,/H, > 0.58, we can not measure distance
between tubes correctly. We conclude from this analysis that, for lead, the measured

diameter of flux tubes correspond to their real diameter.

b) Indium
The measured diameter and period of flux tubes for indium sample as a function of
the magnetic field are shown in Fig. 11.17 by closed circles and closed squares, respec-
tively. The solid line shows the period calculated from the measured diameter using flux

conservation Eq. (11.21).
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Figure 11.17: Measured flux tubes mean diameter (closed circle) and flux tubes
mean period (closed square) as a function of applied magnetic field. The broken line
represents the mean value of the flux tubes diameter D,, averaged over all magnetic
field values. The solid line is the period calculated from D,,, using flux conservation.
The error bar is defined +6/+/n, where ¢ and n are the standard deviation and the
number of data, respectively.

There is a discrepancy with the experimental results. This means either that there
is not exact flux conservation or that the flux tubes have flared their walls with an inner
diameter smaller than the one measured at the surface. The first explanation is reasonable

since we image an area close to the edge of the sample. Due to pinning the area fraction of
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the normal phase near the edge can be larger than in the interior of the sample. However,
whatever the correct explanation, this does not affect the conclusions presented in the
next sections. If we have p,, > & the experimental data plotted as a function of /4 should
be plotted as a function of p, or equivalently slightly shifted to larger values of A. If the
inner diameter is smaller than the measured one while p,, = A the values of the flux tubes

diameter should be slightly reduced (typically by ~ 10%).

11.4.3 Comparison between theoretical and experimental results for
tubes and lamellae

Here we compare the results of calculation for flux lamella width and flux tube diameter
with the experimental results using the Current Loop model and Constrained Current
Loop model.

Fig. 11.18 shows the mean width of lamellae as a function of the reduced applied
magnetic field Hy/H, for the 10 um indium sample (left) and the 120 um lead sample
(right). Error bars represent the full width at half maximum of the size distribution. The
dashed and solid curves are the prediction of the Current Loop model and Constrained

Current Loop model, respectively.

4 —— 0.3 ——————————————————

w
T
.

i 02}

N
T

/ 1 / E
E - 01}t - ) /I/i/' E }
_ - 1

.
r e I B
pwppiEE Ll —
O 1 1 1 1 1 1 00 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08 09 10
Ho/H, Hy/H

Figure 11.18: Mean reduced width w,/d as a function of the reduced magnetic
field Hy/H, for a 10 um thick indium slab (left) and a 120 um thick lead slab (right)
at T = 2 K. The error bars represent the full width at half maximum of the dis-
tributions of lamella width. The dashed and solid curves represent the calculated
equilibrium width using the Current Loop model and Constrained Current Loop
model with A = 0.51 (Ng = 6.2) and A = 0.066 (Ng = 580) for indium and lead,
respectively. For lead both curves are superimposed.
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In case of low magnetic field (Hy/H, < 0.4 for indium and Hy/H, < 0.65 for lead), the
predicted and measured width present a reasonable agreement. It is important to notice
that the magnetic Bond number Np is varied by two orders of magnitude for these two
materials. The mean width of the lamellae increases with Hy/H, almost as predicted.
This indicates that the observed lamellae patterns can be described by an equilibrium
states, that is to say, the growth of the lamellae is essentially due to the competition be-
tween long-range magnetic interactions and short-range surface interactions. This could
result from the fact that a number of lamellae are connected to the edges of the slab,
thus allowing the magnetic flux to enter continuously from out of the sample. In case
of high magnetic field, the width of the lamellae continues to grow. However, the mea-
sured values are smaller than the predictions. This discrepancy can be attributed to the
effect of pinning. Indeed, in this regime, the intermediate flux pattern consists of a disor-
dered network of interconnected superconducting lamellae. The pinning of domain walls
might oppose the motion of superconducting lamellae, thus preventing the free growth of
normal state domains.

Next we discuss the tube diameter. Fig. 11.19 shows the mean diameter of tubes
for a 10 um indium slab (left) and a 120 um lead slab (right) as a function of the applied
magnetic field. The dashed and solid curves represent the equilibrium diameter calculated

using the Current Loop model and Constrained Current Loop model, respectively.
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Figure 11.19: Mean tube diameter as a function of the reduced magnetic field
Hy/H, for the 10 um thick indium slab (left) and a 120 um thick lead slab (right) at
T =2 K. The dashed and solid lines represent the equilibrium diameter calculated
using the Current Loop model and Constrained Current Loop model with A = 0.51
(Np = 6.2) and A = 0.066 (N = 580) for indium and lead, respectively. For lead
both curves are superimposed.
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Contrary to the lamella width, the tube diameter stays almost constant with increasing
applied magnetic field, whereas theoretical results predict an increase of the diameter.
This indicates that the mean diameter of tubes is independent of the magnetic interaction
between normal state domains. There is agreement between experimental and theoretical
values only in the limit # — 0. We remind that, in this limit, the diameter of flux tubes
obtained for the lattice model is the same as for an isolated flux tube.

In order to know whether the result of flux tube diameter reflects a general behavior of
the flux tube system in superconductors, we collected data from various literatures[112]
[113][114]. These data on flux tube diameter are obtained for various values of d. They
are displayed together in Fig. 11.20 in reduced units 2R, /A as a function of d /A.
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Figure 11.20: The equilibrium tube diameter as a function of material parameters.
The solid curve represents the equilibrium tube diameter obtained from Eq. (11.17).
The dashed curve indicates the limit of stability obtained from Eq. (11.18). The
filled squares and circles were obtained with lead and indium slabs, respectively.
The filled lozenges are the largest size of distribution. The references are: Huebener
et al.[112] (open squares), Huebener and Kampwirth et al.[113] (open circles), and
Farrell et al.[114] (open lozenges).

The values of A for lead, mercury, and indium are 0.066, 0.084, and 0.51, respectively.

The solid and broken lines represent the calculated equilibrium diameter and stability
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limit of an isolated flux tube, respectively. It is seen that, indeed, in many cases the
diameter of flux tubes is close to that of isolated flux tubes. The largest size of distribution
(filled lozenge in Fig. 11.20) fits with the dashed line corresponding to the stability limit.
This suggests that flux tubes of larger size should be less stable than the flux lamellae.

At low d/A the experimental data are not in agreement with the prediction of the
Current Loop model. This would indicate that the Current Loop model can not provide a
good description of the system when the thickness of the sample d becomes smaller by
10 times than the interface width between normal and superconducting domains A.

In order to compare the predictions of the Current Loop model and of the Constrained
Current Loop model with the experimental data it is useful to use the logarithm-logarithm
plot of the reduced diameter 2R /d as a function of the magnetic Bond number Njp as

shown in Fig. 11.21.
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Figure 11.21: Logarithm-logarithm plot of the reduced tube diameter 2R/d
as a function of the magnetic Bond number Nz = d/mA. The filled cir-
cles and squares were obtained with indium and lead slabs, respectively. The
empty squares, circles, and lozenges are reported for lead, indium, and mercury,
respectively[112][113][114]. The shaded region corresponds to type-1I supercon-
ductivity for very thin slabs. The theoretical curves represent the equilibrium tube
diameter in the limit H — O: Current Loop model (dashed curve), Constrained Cur-
rent Loop model (solid curve).
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The dashed curve in Fig. 11.21 represents the diameter calculated in the framework of
the Current Loop model in the limit H — (0. A good quantitative agreement is found
for N > 20, while for Ng < 20 the predicted diameter is larger than the measured one.
The discrepancy increases when Np decreases. The solid curve in Fig. 11.21 represents
the equilibrium diameter calculated using the Constrained Current Loop model. This
prediction is in good agreement with the experimental data over three orders of magnitude
of the magnetic Bond number (Ng = 1 — 1000). This means that the Constrained Current
Loop model accurately describes the tube pattern.

It can be concluded i) that the tube mean diameter is solely determined by the compe-
tition between the interfacial energy and the energy of the stray magnetic field created by
the screening current flowing around the tube, that is to say, tube-tube interaction plays
no role, ii) that the Constrained Current Loop model describes experimental results much
better than the Current Loop model. Therefore for the intermediate state flux pattern it is
important not to consider the current loops interaction as in the free space but to take into
account the shielding of magnetic field lines by surface currents on the top and bottom

surfaces of the superconducting regions.

11.4.4 Impeded growth of flux tubes

In order to understand why the diameter of flux tubes seems to correspond to isolated
flux tubes and not to flux tubes organized in a lattice, we measured flux tube diameters
at the same value of the magnetic field for increasing and decreasing magnetic field. The
results are displayed in Fig. 11.22.

It must be noted that, in the experimental procedure the magnetic field was raised
above the tube-to-lamella transition. When the magnetic field in decreasing, part of the
flux tubes are generated from lamellae. It is obvious from Fig. 11.22 that there is an
hysteretic behavior of the flux tubes diameter as a function of the magnetic field. We
conclude that the flux tube system is not in an equilibrium state contrary to the assumption
of the theoretical models.

Then we consider a possible explanation. At low magnetic field, there is a diamag-
netic band at the edge of the sample. Flux tubes entering the sample have little interaction
with other tubes. Then it quite understandable that their diameter is the equilibrium di-
ameter of an isolated tube. This impeded growth of flux tubes results from the nature of

the superconducting phase. Here we consider the time variation of the magnetic flux &
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Figure 11.22: Flux tube diameters as a function of the applied magnetic field for
increasing and decreasing magnetic field. The hysteresis can be readily observed.
The solid line is the diameter calculated in the Current Loop model.

in a flux tube in the superconducting matrix. Maxwell-Faraday equation gives:

do Lo
W:—}I{Edl, (11.22)
where E is the electric field. The contour of the line integral is taken as a closed loop
encircling the flux tube in the superconducting matrix at a distance larger than the pene-
tration depth. Since the electric field E is zero in the superconducting phase the magnetic
flux ® within the normal state flux tube must remain constant. Since the magnetic induc-
tion in the normal state domain is equal to the critical magnetic field then the size of a
normal state flux tube must remain constant. Consequently, flux tube size variation can
only result from the movement of an incoming normal state domain.

For the flux tube size to grow, not only another normal state domain has to reach the
tube, but also it has to merge with it. However the fusion of two normal state domains is
impeded by their repulsive interaction. Moreover, the formation of flux tubes with size
much smaller than the equilibrium one is unlikely due to the positive interface energy. As
a consequence the continuous growth of isolated normal state domains with the applied

magnetic field is prevented.
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Conclusion

We studied the magnetic flux patterns in the intermediate state of type I superconduct-
ing thin indium and lead films with the high-resolution Faraday imaging technique, us-
ing not only conventional Eu-based thin layers but also semimagnetic semiconductor as
magneto-optic layers.

Semimagnetic semiconductor Cd;_,Mn,Te quantum wells were used as an applica-
tion device: a novel type of magneto-optic layer. These magneto-optic layers were re-
cently developed at GPS, in order to get high-resolution Faraday microscopy images.
They consist of semimagnetic semiconductor Cd;_,Mn,Te quantum wells embedded
in a semiconductor-metal optical cavity. The most advantageous point of this kind of
magneto-optic layer is that there is no self-magnetic ordering due to the paramagnetic
behavior of Mn ions, hence there is no magnetic influence on the superconducting film.

Our results for the superconducting films showed that the magnetic flux pattern con-
sisted of a disordered array of flux tubes at low applied magnetic field with a transition
towards a labyrinthine structure of flux lamellae with increasing applied magnetic field.
As in several other quasi-two dimensional systems with two phases, the domain structure
is governed by the competition between long-range interaction (magnetic interaction be-
tween normal phase domains) and short-range forces due to the existence of a positive
interfacial energy between the normal and superconducting phases.

We compared the experimental results at low magnetic field and the predictions in
the frame of the Current Loop model (or equivalent Surface Charge Model) assuming
that cylindrical flux tubes are arranged in a triangular lattice. For indium as well as for
lead, the measured average tube diameter stays almost constant with increasing applied

magnetic field whereas the theoretical results predict an increase of the diameter. This
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behavior differs from the one of flux lamellae, the width of which increases with the
applied magnetic field in much closer agreement with the theoretical predictions. This
indicates that the flux tube pattern corresponds to an out-of-equilibrium system contrary
to the usual assumptions in the intermediate state models.

However, the predicted diameter of flux tubes in the limit of vanishing magnetic field,
i.e. neglecting inter-bubble magnetic interaction, is in good quantitative agreement with
the measured average diameter at least when the sample thickness is large compare with
the diameter of flux tubes. This means that the average flux tube diameter is only deter-
mined by the interfacial energy and the self-magnetic energy of the tube, the magnetic
interaction between flux tubes playing no role. From these results we could determine
that the only two parameters that control the flux tube diameter are the sample thickness
and superconducting-normal interface parameter. These results also illustrate a speci-
ficity of the superconducting medium with respect to other two-dimensional two-phase
systems. Once some flux has penetrated in the sample and forms an isolated normal do-
main completely surrounded by the superconducting matrix, Maxwell-Faraday equation
insures flux conservation. This means that the growth of isolated flux tubes is impeded.
This situation is different for flux lamellae since most of them are connected to the edge
of the sample and continuous flux penetration can occur.

For thin samples we found that the Constrained Current Loop model, which is a mod-
ification of the Current Loop model and Surface Charge model, provides a much better
agreement between the calculated equilibrium flux tube diameter in the limit of zero mag-
netic field and the measured average diameter of flux tubes. This model, by considering
only the magnetic interaction between surface charges of the same face, allows to take
into consideration the surface screening currents on the top and bottom surfaces of the
films. This study will be published in paper[102].

The next step in this study would be to perform time-resolved Faraday imaging. One
interesting feature to study is the influence of the magnetic field-sweeping rate on the
domain pattern. For instance we observed a much better ordered stripe lattice when the
magnetic field is abruptly raised. In some cases reorganization of domain patterns on
a time scale of one minute was observed. The interplay of temperature, illumination

intensity, magnetic field-sweeping rate has to be studied.
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Appendix A
Appendix for Part I

A.1 Validity of approximation for Brillouin function

Since magnetization through Mn2" in Cd;_,Mn,Te is described by the standard Brillouin
function Bg, the Zeeman splitting of valence and conduction band also obeys the Bg.
The Brillouin function is significant in paramagnetic theory, however its calculation is
vexatious on account of hyperbolic cotangent. Therefore rough estimation for Brillouin
function render us feel ease to cogitate Mn?* spin behavior. Here its approximation are
explained and its validity are appraised for practical use.

The Brillouin function is written as:

285+1 28+1 1 1
B = ———coth — —coth| — A.l
stu) = —5g—co ( 28 ”) 25 ° <2s”> ’ A1)
where S is spin quantum number. Since coth(x) = tanh ' (1) and
1 2 17
tanh(u) ~ u— 1’ + —1° — —u’, (A.2)

3 15 315

25+11 1 2 11 1 2
Bt = S (1-3 ) - (1o 0P o)

then

s v\ 3V 715 3w\ 3V 15
29411/ 1, 2\ 11/ 1, 2,
N G- R LT (L
25 v< T3Y 15v> 2Sw< HER T
1 2 2
= —(" —w),
3u( ) (A.3)

where v = (2S+ 1)u/2S and w = u/2S. Therefore

1/2S+1\2u® 1 /1\>u® uS+1
Be(u) = _ (L) e _ust A4
s(u) u< 28 ) 3 u< ) 373§ (A4)
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S = 5/2 for half-filled 3d-shell of Mn2", then

7

Bsp(u) = 5%

(A.5)

With Eq. (A.5) the Zeeman splitting energy of conduction and valence band are obtained

as:
1 5  gwnisB 7 gvintisB
AE,(B) = ~ i(X)Bsy 2 —SMokBZ ) L i () EMHBD A
v(B) = 3 NoowSeri(x)Bs 2 (2 KB(T+T0(x))> pNooSen(X) g s (A6)
1 5  gwnisB 7 gvntiB
AE(B) = ~NoPxSeir(x)Bs o ( 2—MHBED ) _ L NoBaSurr(x) =MHBZ__ (A7
o(B) = 5NoPxSer(x)Bs 2 <2KB(T+T0(x))> 13 NoBxSe () g s (AD

respectively. Ser(x) and Tp(x) are written in Eq. (1.15). Each parameters in Eq. (A.6)
and Eq. (A.7) are explained below Eq. (1.15). Fig. A.1 shows the Zeeman splitting of
valence band m; = —3/2 level without approximation (Eq. (1.14)) and with approxima-
tion (Eq. (A.5)) at 4 K in Cdo gMng »Te.
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Figure A.1: The comparison of Zeeman splitting of valence band m; = —3/2 level
with (dashed line) and without (solid line) approximation at 4 K in Cdy gMng,Te.

The amplitude of Zeeman splitting grows 40 meV at 8 T without approximation (satura-

tion value is 46 meV), while the rough calculation gives linear increasing function. An
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approximate function is in error by less than 0.1 meV up to magnetic field B~ 1 T.

The effective g-factors are expressed as:

7 &Mn
e = —=M Se i
8etf,c B 00X Sesr () K(T + 7o)
7 &Mn
ety = —=NoPxSerr(x) —22 .
geff,v 75 NoBx 17 () KT+ 1) (A.8)

A.2 Exchange interaction between Mn>" ions

The magnetic moments of Mn>*t in CdTe matrix are coupled with each other, especially
through the exchange interaction. Both the nearest-neighbor exchange interaction de-
scribed by the integral Jyy(=—6.3 K) and the next-nearest-neighbor exchange described
by Junn(=—1.3 K) are antiferromagnetic.

The thermal average value (S,) of each Mn”>* in Cd; ,Mn,Te is given with statistical

equations as:

5 BB
(Sz) = —Setr(x)Bs 2 (5%> ; (A.9)
with
5 Po P
Serr(x) = 5 (Pl (x) 4+ ?O + 1—I;> , (A.10)

where P;(x) = (1 —x)'? is the probability of isolated Mn?*, Py (x) = 18x*(1 —x)?3(7 —
5x) and Pr(x) = 24x*(1 — x)?? are that of Mn?* that constitutes open and closed triplet,
respectively. The probability of paired Mn?7 is expressed as P> (x) = 12x(1 —x)'3, how-
ever, this pair dose not participate in magnetization.

Fig. A.2 shows the comparison of xS.¢ with using Eq. (A.10) and empirical equation Eq.
(1.15).

Since it is found big disparity between the statistical curve and the empirical one at
x> 0.05, Eq. (A.10) could be valid at lower Mn concentration x up to 0.05. The largest
magnetization would come along at x ~ 0.08 by statistics, while it might be happen at

x ~ (.16 from the empirical equation.
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| empirical curve calculated with Eq. (1.15)
statistical curve calculated with Eq. (A.10)
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Figure A.2: The comparison of xSess with empirical equation (solid line) and with
theoretical equation (dashed line) as a function of Mn concentration.
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B.1 Magnetic energy
The magnetic free energy at normal region E,, is expressed

1 = 1 = = 1 —
En= o /fu,, H,+ Hy)® dv:g/Hf dv+E/HaHMdv+§/Hf,,dv. (B.1)

space

The first term of the right-hand side in Eq. (B.1) is

1 (= H?
= /Hg dv = 8—;V. (B.2)

The second term of the right-hand side in Eq. (B.1) is
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1
= EHnHa(] _pn)V_E/HM dv, (B.3)

where the relation H,p,, = H, is taken into account when changing the fifth equation into

last one.
Then Eq. (B.1) is expressed

H? H, 1 [
21 —pn)V—g/HAZ,, dv. (B.4)

E
™= 8 AT
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The third term of the right-hand side in Eq. (B.4) is
1/ﬁ2d 1/fl rotAy d
- y = —_— . v
81 M 8n M M
1 . - = 1 — —
= —ﬁ/le(AM X Hyr) dv — Q/AM -TotHys dv. (B.5)
The first term of the right-hand side in Eq. (B.5) goes to zero,
/ div(Ay x Hyr) dv = 7{ 7{ (Aur x Biy) dS =5 0. (B.6)
v
Then, using Maxwell equation 47tf'/ ¢ = rotH, we obtain
1/f12d 1/2 rotHy, d 1/7207
—— vV = —— . V=—— . v
gm) M g MM 20 ) 1M

1 o -
_ _%zi" 7{ Js(7i) - Ap(7) ds. (B.7)

The vector potential Ay (7;) is expressed

Z;[d' sl (B.8)

|rJ_rl|

then Eq. (B.5) is

1 =) /]s ]s(rz)
—— [ Hy, dv = E ds ¢ ds
8n / m &Y 2c2 7{ 7{ |

rJ—r,|

_ /i t, M> 7; 7; i1
— Z%ds?{d 2; ds ¢ ds Rij' (B.9)

With taking the sample thickness d into consideration, Eq. (B.5) becomes

- /HMdV———Z/ dz/ 7 fdv ? f (B.10)

Finally E,, takes the form

HZ nHa M2 d d f;?
E, = 1—p,)V—— d d’fai%d"—". B.11
n’ " e 1P 221/0 Z/o cpdspdsigs BID
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B.2 Self- and mutual form magnetic energy

We calculate the self- and mutual-induction term as:

M> d 7
= dz | dzj ¢ ds; ¢ ds;j- B.12
2 zl"z/:/o ¢ /0 ZJ.% ' 7{ Y Rij ( :
where M = —H,, /4T is magnetization, 7; - 7; = cos(0,; — 8;), R;; = |F; — 74|, and 74, 7; are
Rcos6; na+%pa+RCOSGj
Fi=| Rsin®; | , 7= patRsing; |,
i Zj
respectively. By using Fourier transform:
1 1 / 3 AT o7 2
_ dy 2 id; t,)’ (B.13)
R (2n)} q*
Eq. (B.12) is expressed
2n
E, — __ZZZZ/ dz; / dz; / Ra6; [ Rd6;cos(6;— )
n' n" pp
% 1 /d’%q 4_n€i[qx{na+%pa+R(cosG_ifcosGi)}+qy{@pﬁH—R(Sin9_j*Sin9i)}+Qz(Z_i*Zi)]
(2m)3 q*
M2 1 21 21
= __._Z Z /dz,/ dzj/ Rde/ R dBjcos(0;—6;)
2 2 l+nll nl nll l+pll ll

/d%] 4_756 qx{na+2pa+R(cosﬂ i—cos 0;) }+q,{ %> pa+R(SInGJ sin®;) }+q.(z—zi))
27t

M2R2 o

21
= 5—NaNp Z Z / dz,/ dzj/ de; decos(Gj—Gi)

N=—00 p=—00

/d’% qx{na+2pa+R(00§9 i—c0s0;) }+q,{ %5 pa+R(§1n9 i—sin®;) }+q;(zj—2z)]
’ (B.14)

where
/ 1 / 1!
2Na= ), , 2Np= Y , o -n"=n_ p-p'=p
nl+n p+p

Using the following formulas:

- iq N _ 2_75 S _ 2_75
P am;f@x )

[ [

id(gtV3a)pa _ 2T _2n
» ZS( (gx+V3qy) —t )

| M
W
NI»—



Part IIT B.2 Seif- and mutual form magnetic energy

then E,, is written as:

M2R2 o > om o
E, = pP NANB< ) Z Z / dz,/ dz,/ do; df;cos(6;—6;)

m—=—ocof—=—oo

X /_qu (%c _m2_n> eiqu(cosQifcosGi)
q a

><8< (qx+\/_qy) 2;) SDR(SIN0;—sin8) o g (zji)

M?2R? 2 /21 o 2n n
(2] £E [ [

m—=—cof=—co

X e 2AR (cos®;—cos;)-e 2IR% —m
Xpi—m P — i) expi— ———
p a J p a \/g

expiq;(z;—2zi), (B.15)

(Sil’lej — Sil’lei)
% / dq;

(2m/a)?(4m? + 41> — d4mt ) /3 + ¢2

where dq.dq,dq. = dg, (2n/a)*(4m* + 4> —4mt) [3+ g7 = g3 + 45 + 42 = ¢

First we calculate the integral with respect to z component in Eq. (B.15).

d d d d
I, = /0 de/O dZieXpiqz(Zj—Zi):/ dzjexp(iqzz,-)/ dzjexp(—iq.z;)
1 . —1 cosq,d
= L fexpligud)— 11 =L fexp(iqd) — 1y = 220D g 4
lq; lq; q

Z

then Eq. (B.15) becomes

En = — 3n2NAN3<7> Z Z/ 7 48;c05(8,—6,)

2R 2TR 2t
X expi——m(cos8; —cos ;) -exp i——m(sine,- —sin6;)
: p :

a
" / 1 —cosq,d
2 (2n/ar(am? 142 —amt) 3+ ) %
We calculate the g; component in Eq. (B.15). Form =t =0,

M2R2 m\ 2 r2m on o 1 d
Eyn=——=—NaNg (—n> / d; | dBjcos(6;— 9:‘)/ % dg: =0
a 0 0

(B.17)

3m2 e A
(B.18)
Therefore, henceforth we neglect for m =t = 0. Eq. (B.17) becomes
_4MPR?
En = —2 % NN / a6, / d9;cos(8; — 6;)
\/_ 2 m—Z—oo t—Z—oo
2R —m
— $0; —cos0;) + —=—(sinB; —sin6;
X expi— {m(coq j—cos8;) + A (sin@®; —sin )}
" /°° 1 —cosq,d (B.19)
—eo g2 {(20/a)?(4m> + 41> —4mt) /3 + ¢2 } 44:; )
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where the prime indicates that the summation is taken on all integers except m =t = 0.

Using
> dq,(1 —cosq.d)
= nd— — (1 —exp(—Ad
vy 3 (1= 3 (1 —exp(-aa)
_m [ 1—eXp(—Ad) (B.20)
A? Ad ’
where A2 = (21t /a)?(4m? + 41> — 4mt) /3 0, then Eq. (B.19) becomes
V3 dM R? NANB > m
E, = Z Z m2+t2 mt/ do; A dB;jcos(6;—6;)

m—=—oo f—=—o0

2nR
X eXpi— {m(cos 0;—cos0;)+
a

m

——(sin®; — sin6;

" sing; —sind;) |

y 1_1—exp(—4717d m2 412 —mt //3a) (B.21)
dnd/m? +12 —mt /\/3a '

Next we calculate the integral with respect to 6 component in Eq. (B.21),

2n 2n 2R 2t—m
Iy = / do; dO;cos(0; —0;)expi—— < m(cosO; —cos;) + ———(sinB; — sin 6;
o = [ o d0jcos(0; - 0)expi T {m(cost; —costy) + 2 snd; —sind) |

2r 2n
= / do; dB;(cosB;cos0;+5sinO;sinb;)
0 0
x exp{iz(cosycos0;+sinysin0;)} x exp{—iz(cosycos6; + sinysin6;) }

2n 21
= dB;cosB;exp{izcos(0; —7)} dB;cos6;exp{—izcos(6; —v)}
0 0

2r ) 2n ) (B.22)
+ d0;sin0;exp{izcos(0; —7)} d0;sin0; exp{—izcos(6; — )}, :
0 0
where
4R 2t—m
_ 242 — tan~ !
7= ——Vm*+t>—mt =tan~ ———. B.23
N Y = (B.23)
Using J(z) and K(z), Ig is given by
Iy =J(2)J(—2) + K(2)K(—z) = —J*(z) — K*(z) = 4nJi (2), (B.24)
where .J; denotes the Bessel function of the first kind,
2n 21
J(z) = dBcosBexp{izcos(0—7Y)} = ducos(u+y)exp(izcosu)
0 0
T
= / du(cosucosy— sinusiny)exp(izcosu)
0
2n
+ du(cosucos’y—sinusiny)exp(izcosu)
J T
T T
= / ducosucosy2isin(zcosu) — / dusinusiny2isin(zcosu)
0 0
(B.25)

T
= 2icosy/ ducos usin(zcos u) = 2micos Y/ (2),
0
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2n 2n
K(z) = dBsinBexp{izcos(0—7)} = dusin(u +7y)exp(izcosu)
0 0

= / du(sinucos’y+ cosusiny)exp(izcosu)
0

21

+ du(sinucos’y+ cosusiny)exp(izcosu)
T

T T
= 2icosy/ dusinusin(zcosu) +2isiny/ ducosusin(zcosu)
0 0

T
o . . . o . . 2
= 2i smy/o ducosusin(zcosu) = 2misinyJi (z), (B.26)

and u = 0 —v. Then Eq. (B.21) is written as

T3 (4nd/m? + 12 —mt /\/3a)

En = —V3ndM?R*N;Npd Y Z’ T B—
— M

Mm—=—oo f—=—o0

W1 1 —exp(—4ndvm? +12—mt /\/3a)
dnd/'m? +12 —mt /\/3a '

(B.27)

We consider the energy per unit cell NaNga*\/3 /2, and we obtain
) J3(4nd m2+t2—m V3a
Em,unit = _2—M2d Z Z 1 + 2_ / )
Mm——00 f—=—0o0

W1 1 —exp(—4ndvVm? +12 —mt/\/ga)
dndv/'m* +12 —mt /\/3a '

(B.28)

By the relation

; 12 4Amtd m2+t2—m V3a 231
y y At D) 2R ), (B.29)
m—=—o0 f—=—o0

where p, = 2TR? / V3a?, finally, we can get

Em,unit = —27th2pn(1 _pn)
k%, ) J2(4md/m? + 12 —mt /\/3a)
2—M d
* m_z'_oo t_Z_"M m? + 1% —mt

l—exp( —dnd/m? +12 —mt /\/3a)
4md m2+t2—m/\/_a ' (B.30)
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B.3 Isolated flux tubes

The self- and mutual induction form magnetic energy is expressed

? i
Emag = _—MZZ/ dZ/ dZ ?{ds
- _M? 7.7 =L
— Md;fds?{dst, tjq)<d>, B.31)
where ®(x) = sinh ' (1 /x) +x—v/1+xZ and 7; -7; = cos 6.
Using
R::

ij 1. . 0
7] = E2Rsm(9/2) = psinz,

then

n 1 0 0
Emgg = —M?d2 RZ/ d [ sinh™ ——— + psin= — /14 p?sin® = 0
ag T A (sm psin9/2+psm2 -+ p~sin 5 CoS

=  —M?d21R?*(Epag1 + Emaga + Emag2) (B.32)

where p = 2R/d is aspect ratio, ds’ = Rd®, and § ds = 2nR.
21

L1
Enpag1 = /s d0 cosOsinh psing)2

2n 1 1 1
= dOcosOln | ————+ | ————+
0 psin®/2 p?sin®0/2

2n
= dOcosO{—ln(p) —In(sin®/2) +1n (1 +1/14 p2sin? 6/2) }
Jo

- - 4 1+P _
= 04 ( n)+{ T m E(k) 1 kll((k)}
4k (-3(1-1) 3(1-#%)
= 3 1—k2{ 3 E(k)—FTK(k)}’ (B.33)

where k* = p? /(1 + p?), K and E are, respectively, complete elliptic integrals of the first

and second kind.

o 0 2 0 0
Enagr = A depcose-sini = p/o do (200325 — 1) sini
n ) m 4 4
= 2dy 2cos” ysiny — / 2dysiny= —=p=——
P/O y ysmy—p 0 ysimy 3P 3 /—] — 2

(B.34)
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21 m e 20/2
Enags = — dGCOQGW / do (2009 —_1>\/ 1iOZZ /
1 —Kk?sin”y
= —/% —2dy(2sin y—])\/;
~ 4/%d (@sinty— 1y [ LRSY
- o NI -2

NIT—I

_ \/%/O%dy2sin2y 1—k2+\/14_—sz(k)
s { ek -2 e e} ®.35)
Then we obtain
Epag = Mza,'zau'ezg1 Jk_{ 1+2]i—3_]E(k)+];3k2K(k)}
_ MTER3M2d{1—ﬁ[(2k2—1)E(K)+(]_kz)K(k)]}' (B.36)
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