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Chapter.1

General Introduction

1.1 Introduction

There has been increasing interest in novel phenomena caused by strong spin-
orbit coupling in metals which do not have inversion symmetry. In such materials,
spin degeneracy of the conduction electrons is lifted even without magnetic order.
This results in spin-split energy bands and spin-polarized Fermi surfaces, which
may cause unusual magneto-current effects and non-reciprocal transport in
magnetic fields.

According to this, this lecture is to do the research of Pyrochlore oxide.
Pyrochlore oxide is a transition metal oxide represented by the general formula
A,B,0-, and its crystal structure is composed of BOg octahedron and a three-
dimensional network of A and oxygen as shown in Fig.1.1In such materials, spin
degeneracy of the conduction electrons is lifted even without magnetic order.

X

BOg octahedra

This results in spin-split energy bands and spin-polarized Fermi surfaces,
which may cause unusual magneto-current effects and non-reciprocal transport in
magnetic fields. Research on the magnetism of pyrochlore oxide is gradually
increasing.[1]



Cd,Re,04 is the only superconductor among the pyrochlore oxides represented
by the chemical formula A,B,05.[2,3,4] Since 2001, when superconductivity was
discovered.

Its superconducting state and structural phase transition have been
enthusiastically studied. Some interesting phenomena have been identified, such as
the structural phase transition that breaks the inversion symmetry at 200 K and the
structural phase transition that does not reduce the symmetry at 120 K.

1.2 CdzRGzO7

Cd,Re,05 is a metallic pyrochlore compound, in which both Cd and Re atoms
form a network of corner sharing tetrahedra are known as the pyrochlore lattice. It
exhibits sequential phase transitions as a function of temperature. At T5;~200 K,
the space group of the crystal structure changes from the high-temperature cubic
Fd3m to the low-temperature tetragonal 14m2, which breaks inversion symmetry.
At T,~110 K, the second transition takes place from 14m2 to another tetragonal
and non-centrosymmetric 14,22 structure [5,6]. Although the changes in the lattice
parameters are extremely small across these transitions, of the order of 10,
electronic properties such as resistivity and magnetic susceptibility show
pronounced anomalies at T¢; and Ts,. This suggests that the phase transitions in
Cd,Re,0- are driven by electronic instability not by lattice instability.

In recent research, Lian Fu proposed theoretically that interacting electrons with
strong spin-orbit coupling may break inversion symmetry spontaneously, leading
to orders of odd-parity multipole moments [7]. Hayami et al. pointed out that the
structural changes mentioned above are compatible with order of electric toroidal
quadrupoles with E, symmetry [8].



1.3 Basic Physical Properties And Structural Phase Transition

The Electrical resistance and the temperature dependence of magnetic
susceptibility about Cd,Re,O- is shown in Fig.1.2 and Fig.1.3.
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Fig.1.2. Temperature dependence of
Electrical resistance [2]
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Fig.1.3 Temperature dependence of
magnetic susceptibility [9]

Anomalies corresponding to structural phase transitions are observed in
electrical resistance measurements. When cooling from 300 K, at Ts1~200 K, the
space group of the crystal structure changes from the high-temperature cubic to the
low temperature tetragonal, which breaks inversion symmetry. AtTs2~120 K, the
second transition takes place from I4m2 to 14,22, which is also a tetragonal crystal.
These three phases are called the phase I, phase Il, and phase 111 from the high-
temperature phase, respectively, shown as Figl.4[5,10]
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Fig.1.4 Structural phase transition of Cd2Re207 focusing on Re site

And Fig.1.5[6] shows the temperature dependence of electrical resistance
measured using a single crystal.
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Fig.1.5 Structure transition of Cd,Re,0- [6]

At Tsl =205 Kand Ts2 =112 K, the temperature gradient of electrical
resistance changes significantly. The pyrochlore lattice formed by Re (Cd) is
shown in the figure, but the Re-Re (Cd-Cd) bond, which was equivalent in phase I,
changed to four types that were not equivalent in phase Il, and the two tetrahedra
were It becomes unequal. This is due to the disappearance of the 3-fold axis in
Phase Il. In Phase I11, the mirror surface is replaced by a double axis, so he has
three types of unequal bonds, and the two tetrahedra become equivalent again. In
Phase Il and Phase Ill, three types of domains with different axial directions are

formed by tetragonal distortion. [6]
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Structural parameters

X Y Z Wyckoff
Position
A 0.5 0.5 0.5 16d
B 0 0 0 16¢c
O X 0.125 0.125 A8f
o’ 0.375 0.375 0.375 8b

1.4 Transition of Tsl

Inversion symmetry breaking (ISB) is that during the phase transition, inversion
symmetry is broken.

The Fig.1.3 shows the temperature dependence of the magnetic susceptibility of
Cd,Re,0,.The magnetic susceptibility of paramagnetic metals is mainly given by
Pauli paramagnetic y Pauli shown in the following equation

xPauli =ig2uBzD(EF) (1)

where g is the g value, us is the Bohr magneton, and D (Er) is the density of states
in Fermi energy.

From the above equation, it can be seen that the transition of Ts1 may lead to a
decrease in the density of states in Fermi energy.

Inversion symmetry breaking (ISB) transitions are universal in insulators and are
found in ferroelectrics and pyroelectrics. The ISB transition of an insulator is
driven by an electrical dipole-dipole interaction, but in metallic systems such as




Cd2Re207, such long-range Coulomb interactions are shielded by itinerant
electrons. Therefore, it is necessary to consider another phase transition
mechanism.

Landau's theory expands the free energy by order parameters and captures the
phase transition phenomena logically. The structural phase transition of Cd,Re,0;,
has been interpreted using Landau theory [12,13]. Fig.1.6[5] shows the group-
subgroup relationship for Fd3m. And Eu mode is a strange symmetry mode,
which breaks the inversion symmetry, and when it freezes, the inversion symmetry
of the crystal is lost. According to Landau’s theory, it is expected that the ratio of
a-axis length to c-axis length is reversed between phase 11 and phase 111 [13].

Fd3m
F43m 14, /amd F4132

111

142d ' [14m2] 14, /a |14,22] 14, md
N7
14

14,

Figl.6 Group-subgroup relations of Space group[5]



Chapter.2

NMR Nuclear Magnetic Resonance

NMR is an abbreviation for Nuclear Magnetic Resonance, which means
observing the resonance phenomenon of nuclear spins. It is a way to know the state
of an electron through the interaction between the nucleus and surrounding
electrons. The Zeeman splitting of spin energy level occurs in the nucleus with
nonzero magnetic moment under the action of an external magnetic field, and the
resonance absorption of a certain frequency of radiofrequency radiation.

2.1 NMR Resonance Absorption
The magnetic moment of the nucleus is given as
u=gnunl (2)
=yhl

where gnis g factor of the nucleus, uv=0.5x10—24 ergOe-1 , y is the gyromagnetic
ratio.

Applied a static magnetic field #, to this system in the z-direction, the
Hamiltonian for nuclear spins is given as:

Ho=p-Ho=—yhI-Ho (3)
And Energy eigenvalue is given as:
En=yhHom (m=I-I+1,...I) (4)
which divided into 2L + 1

The intervals between these energy levels are equal intervals of AE = yhHz.
When a vibrating magnetic field with a frequency satisfying A E =Aw is applied



from the direction perpendicular to the static magnetic field, a transition occurs
between the above levels, and magnetic resonance can be observed.

In fact, nuclear spins have electrical and magnetic hyperfine interactions with
surrounding electrons and ions. Through these interactions, NMR measurements
can provide information about local electronic states for specific nuclei in matter.

2.2 Hyperfine Interaction

Hyperfine interactions are working between the nucleus and the surrounding
electrons. There are two types of this interaction: electrical nuclear quadrupole
interaction and magnetic hyperfine interaction. In NMR measurement, it is
possible through this interaction to obtain static and dynamic information of the
electronic system. Here we focus on the magnetic hyperfine interaction, which
causes the NMR resonance lines to shift, creating an internal magnetic field in a
magnetically ordered state.

Takes the nucleus as the origin, when the nuclear magnetic moment exists as
Un=ynhl.

The electron exists at a position r, the vector potential created by the electron p
osition is given as:

A(r):Vx% (5)

The interaction between A () and electrons is given as H1

H1=—= (p+:A)*+2uss-V XA (6)
where m is Electron mass, uz is Bohr magneton.

When A (r)=0, the H'1 is given as:

e e
—_ . . —A2 .
7—[1—2mc(p A+A p+CA )+2uss -VxA

eZ

=HI+Hs+ A2 (7)

2mc?2
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Here, the first term F 1 is the interaction between the nuclear spin and the orbital
angular momentum, and the second term Hs is the interaction between the nuclear
spin and the electron spin.

For v xit =X
r

3’

His given as:

H=2p5 b (8)
For VxVx2=yv-2 A2

r r r
The interaction between nuclear spins and electron spins s is given as

Hs=2s[(s'V) (un-V)~ —=s- A= 2B s-AL (9)

r

when r # 0, The first term magnetic dipole interaction Hdip is

Hdip=— 2T 4 22t (10)

On the other hand, when r—0, the first term disappears, where A%=—4n6 (r),and
the Fermi contact interaction is given as:

}[Fz%nugs -un 8(r) (11)
the magnetic field of hyperfine interaction Hy is given as

2.3 Electric Quadrupole Interaction

The splitting of energy levels may be due to electrical as well as magnetic fields.
When the nuclear spin I > 1, the charge distribution of the nucleus is not
completely spherically symmetric, but a spheroid with the nuclear spin direction as
the z-axis. When such a nucleus is placed in a gradient electric field, the energy of
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the nucleus depends on the orientation of the spheroid. The energy level of the
nuclear spin will split.

To derived the Hamiltonian of the electric quadrupole interaction, assuming that
the origin is located in the center of the atom, Coulomb energy E is given as

E=[p(r)V(r)dv (13)

where p(r) is the electrostatic potential of the atom.

The electrostatic potential V (r) expands near the origin is given as

V)=V (0) +Zixi (55) 45 % (5 a‘;_))r_o +oe (14

So there is

E=V(0) [p(r)dv +3Vf xip(r)dv+3V [ xx;p(r)dv+... (15)

where Vi=(%)r= 0 Vi,j:(axizazj))rzo

The first term gives a constant value. The second term becomes zero
because the center of gravity and the center of charge coincide, and the third
term represents the quadrupole interaction. Using the Wigner-Eckert theorem,
Hamiltonian of electric quadrupole interaction Q is given as

2 Q 1
HQ= 4;2‘3_1){(31#—12)+5n(11+13)}

=-hvQ{(3122~1%)+n(13+12)} (16)

Vxx—Vyy

where eq=Vzz. n= . Q is the nuclear quadrupole moment and Vzz is

the maximum principal axis of the electric field gradient tensor generated at
the nuclear position. x, y, z are the main axes of the electric field gradient
tensor. Here, Vxx, Vyy, Vzz satisfy the Laplace equation (Vxx + Vyy + Vzz = 0).
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2.4 Knight Shift

The shift of the resonance frequency caused by the hyperfine magnetic field is
called the Knight shift (K). When the magnetic moment of an electron is oriented
in the direction of application of an external magnetic field Ho, the magnetic
moment S (per 1 uB of one electron) can be written as follows:

- X
S _NuBHO (17)

where y is the magnetic susceptibility of N electrons

Using the magnetic moment S, the hyperfine magnetic field Hys is given as
His =A. —XH, (18)
Npg

A is the amount of second-order tensors called hyperfine-bonded tensors.
Generally, when a substance with a nuclear gyromagnetic ratio vy is placed in an
external magnetic field Ho. The resonance frequency w is given as

w = y(wy + Wpr)
= y(Ho + Hyg)
Hp¢
=vH, (1 +—/— (19
Y 0( +H0) )

where w, = y,H, .For here, Knight shift K is given as:

=Hnt (20)

by (19) and (20), Knight shift is given as:

K=A 2% (21)
Nug
It turns out that the measurement of shift is a means to know the local magnetic
susceptibility at the nuclear position. The slope of the plot K—y reflects the
hyperfine coupling constant, and static information of the internal magnetic field
can be obtained.
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2.5 Spin-echo

When a high-frequency magnetic field H; is applied to the sample in a pulse
shape with a certain time width t, left for a certain time t, and then a high-
frequency magnetic field is applied again with a time width of 2t, which is twice
the previous time, a resonance signal is observed after that time 2.

Applied an external magnetic field Hy is in the Z-axis direction, the nuclear
magnetization M precesses around the Z-axis at an angular velocity w.

For here, we consider a coordinate system (x’, y’, z’) that rotates around the Z-
axis at an angular velocity w(a) in Fig.2.1. A vibrating magnetic field H,
(Amplitude H;, Angular frequency w) is applied in the X-direction perpendicular
to the external magnetic field Hy until the nuclear magnetization M collapses on
the y-axis. When H; disappears, lateral relaxation occurs and the nuclear
magnetization diffuses axisymmetrically on the x-y plane (b) . The signal
observed at this time is called Free Induction Decay (FID).

Furthermore, after this time t, addition is added again until the magnetization is
reversed to the x-axis (c). Magnetization continues to rotate on the x-y plane,
gathering on the y-axis after time t(d , €). The signal observed at this time is a spin
echo.

14
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Fig.2.1 Formation and attenuation of FID and SE in the spin echo

t=0 t=t1 =2t

Fig.2.2 Schematic diagram of spin echo
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2.6 FT-NMR

As mentioned in the previous section, the reason for the attenuation of FID is the
spatial distribution and temporal fluctuation of the magnetic field felt by the
nucleus, but the most important of these is the interaction of magnetic dipoles
caused by adjacent nuclear spins and the surrounding environment or the
generation of surrounding electrons. The local magnetic field (such as Hyperfine
magnetic field). One of the main purposes of NMR experiments is to understand
the distribution of local magnetic fields. Consider the static distribution of the local
magnetic field P(H), where the combined magnetic field of the external magnetic
field and the local magnetic field is H, then the FID signal is given as:

V(t)=[P(H)cos(yHt)dH (22)

This means that FID is represented by the Fourier transform of the local
magnetic field distribution, that is, the inverse Fourier transform of FID is obtained.
Although the signal needs to be digitized in order to perform the Fourier transform
of the FID, since the signal is usually up to 100 MHz, the low-frequency signal
obtained by two-phase detection using DBM undergoes a complex Fourier
transform to obtain the local magnetic field distribution.

Make Hy be the center of P(H), which off-center distribution function h=
H—H,. If the frequency of the oscillating magnetic field is wq, then FID is given as:

V(t):ffooo p(h)cos(y(HO + h)t)dh =A(t)cos(w0t+y(t))

A(t)cosy(t) = [ p(h)cos(yht)dh

0 (23)
A®siny(t) = [ p(h)sin(yht)dh

A(t) and y(t) are low frequency components with lower frequencies than w,, and
two types of low frequency signals with high frequency components cut by DBM
1S Vi(t) = A(t)cosyi(t) / 2, V,(t)= A(t)sin(t) / 2. When these are displayed as a
complex number:

Vi(t)+iVa(t)=]". p(h)exp(—iyht)dh (24)

16



The local magnetic field distribution can be obtained by performing a complex
Fourier transform on this. The method of obtaining the local magnetic field
distribution in this way is called FT NMR, and the obtained local magnetic field
distribution is called the NMR spectrum.

2.7 Experimental Device

First, the pulse signal output from the Pulse Generator and the high-frequency
signal output from the Signal generator is superposed by the Modulater at the
instruction from the computer. After that, the output is adjusted by Attenuater,
amplified by Power amp, and sent to the coil. The signal generated by magnetic
resonance is amplified by Preamp, mixed with the reference signal by DBM, and
phase-detected. The signal after detection is gradually decremented by the Low
pass filter and sent to the Oscilloscope. Finally this data will be analyzed with a
computer.

- 4— -
Computer — Oscilloscope Low Pass Filter
Pulse Generater | — | Function Generater Amp
Signal Generater —>| Phase Shifter | — | DBM
l A
Modulater
Attenuater
l »
Power Amp —> — | Duplexer — | Preamp
::
Cross Diode l T
Probe

Fig.2.3 Experimental Device

17



2.8 Cd-NMR Night shift Tensor

In general, for two sites that change in a symmetry operation in NMR, the two
sites produce equivalent resonance lines if the magnetic field direction does not
change before and after the symmetry operation. Therefore, by measuring the shift
of the resonance line of each site, information on the symmetry of the site can be
obtained. This figure is the four Cd sites of pyrochlore lattice [14],which shows the
angle dependence of the night shift measured by rotating the magnetic field in the |
phase, | | phase, and Il phase. The magnetic field was rotated in the (11 0) plane.

@ -

phase |

[001] [111]

Z i ! 5

1 8 1 ) T 1

| ! ! :

1 ] ]

7/ @ ! 0.38 | i i

Y o= . 0.36 - | i :
X R 034 : : : S
@ 0 20 40 60 80 100

[110] [001] ¢ 1111 [110]

Fig.2.3 and Fig.2.4 Angle dependence of shift of phase |

For the symmetry of the Cd site in the pyrochlore compound Cd2Re207 is D3d,
and Site shift tensors of Cd @ in the figure are classified by the irreducible
representation of the high temperature phase Fd3m. Consider the symmetry of
D3d, each Cd site has a different main axis direction and and is converted to C,, as -
CdD=Cd®,Cy : CdD=Cd®, Cy: Cd D = Cd@. Hamiltonian of
Hyperfine interaction Hy is given as

Hhf=IKBT =YXKupleBsg (a,f=2X,V,Z) (25)

where I = (Ix, Iy, Iz) is the nuclear spin, B = (Bx, By, Bz) is the external magnetic
field, K is the shift tensor.

There is conversion law as: C3[111]: Ix = Iy = Iz. m(110): Ix =-ly, ly= -Ix,
[z = -Iz.
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Expressing this combination as a shift tensor, it is expected that the night shift in
phase | will be represented by two parameters, a and b. So the Irreducible

representation of K (Cd(@) can be given as:

a 0 O

K(A?g)=<0 a o) (26)
0O 0 a
0 b b

K(A‘;g)=<b 0 b) (27)
b b 0

where K(A2g) K(A%g) means diagonal and off-diagonal in phase .

The Cd @ site shift tensor can be obtained, but since the other three sites with
different spindle directions also give their resonance lines, these shift tensors must
also be considered. Cd @ site convert to Cd @), 3, @ site with double axis C2x,
C2y, C2z respectively. And the shift tensor of Cd @O, @), 3, @ is given as

K1,K2,K3,K4:
Kxx Kxy Kxz
K1l= (ny Kyy Kyz) (28)
Kzx Kzy Kzz
Kxx —Kxy —Kxz
K2= (—ny Kyy  Kyz > (29)
—Kzx  Kzy Kzz
Kxx —Kxy Kxz
K3 = (—ny Kyy —Kyz) (30)
Kzx —Kzy Kzz
Kxx Kxy —Kxz
K4 = ( Kyx  Kyy —Kyz) (31)
—Kzx —Kzy Kzz

To transform into the phase 11, it is distorted from a cubic crystal to a tetragonal
crystal. For the magnetic field was rotated in the (11 0) plane of the cubic crystal to
perform the measurement. If the cubic a, b, c axes are given as x, y, z axes,
assuming that the c axis directions of domains I, I I, and 1l are z, x, and y axes, the
magnetic field vector at any angle of rotation 8 and the surface of rotation of the
magnetic field in each domain is given as :

19



Magnetic field direction in each domain

Domain C-axis direction Surface of Magnetic field
revolution

Domain | Cliz (110) B(%'%’ cos 6)

Domain Il CIIX (011) B(cos 9,¥’¥)

Domain 111 CIIY (101) B(%, cos 0 ’%)

Using the parament (a,b,c1,c2,d1,d2), there will be 12 NMR resonance lines of
the angle dependence of the shift(3 domains and 4 sites).

Since there are a total of 6 symmetric components in the shift tensor, there are
four combinations of c1, ¢2, d1 and d2 as shown here in addition to these two
components, and the low temperature at which the symmetry of the crystal
structure decreases. In the phase, these components can also take non-zero values.
If a tetragonal structure is realized in Phase 11 and Phase Ill, it is expected that c1
and d1 will appear.

The angle dependence of knight shift in phase 1l (a=0.2434. b=—0.0491.
c1=0.0068. c2=d1=d2=0) and phase I11(a=0.1570. b=-0.0535. c1=-0.0046.
d1=0.0027 . c2=d2=0):
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When phase 1l transform phase 11, the resonance line on the high frequency side
splits into two lines, means c2 # 0, and neither space group I4mz2 nor 14,22 allow
this. This means an orthorhombic crystal, and this result suggests that there is an
orthorhombic intermediate phase between the 11 phase and the I11 phase.

A

D |

|
8]
T
o
OO
AXXXRXXXXXX
|

Intensity (arb.units)
A

L | | ,H/ oot

63.35 63.36 63.37 63.38 6339 63.40
Frequency (MHz)

Fig.2.7 Temperature dependence near Ts2 of resonance line in direction [001]
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Chapter.3

3.Results
3.1 Comparison and verification with previous experiments

Fig.3.1 and Fig.3.2 is one of the Cd- NMR spectra for B // [001] . Green line
shows an irreversible change of the domain ratio at 180 ~ 170 K during the second
cooling process from red line, which show that volume ratio of Z-domain and XY -
domains has changed irreversibly during cooling down with the 170 enriched
crystal. It is obvious that from the Fig 3.2 the intensity of peak has changed from
1:2to0 2:1.

/\\ ‘
A
\
Ao \
[ /\
|\ [\
VA/j AP N R e \\" b gk ]
63.470 63.480 63.490 230 235 240 245 250 255
frequency (MHz) shift (kHz)
Fig.3.1 First crystal of Cd Fig.3.2 'O enriched crystal of
NMR spectra Cd NMR spectra

Since there is one Cd site in the F43m structure, Cd-NMR does not allow us to
distinguish the Fd3m and the F43m structures. However, the oxygen site located
near the center of the Re-Re bonds should be split into two sites. Thus, we expect
the O-NMR spectra to split into two peaks, should the Fd3m to F43m transition
occur. Therefore, we decided to perform O-NMR experiments. Single crystals of
Cd,Re207 enriched with 170 isotope with the nuclear spin 5/2 have been
successfully synthesized and we are now conducting O-NMR measurements.

Fig3.3 is the 'O NMR spectrum for B // [111] (T = 220K H = 7).There can
observe two sets of NMR spectrum each of which consists of quarupole split five
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lines. A total of 11 resonance lines are observed. Of these, the resonance line
shown in green in the center is the signal from the O'site, and as expected, there is
no quadrupole splitting and there is only one resonance line. In addition to this,
two sets of five-split resonance lines are observed, which are divided into two non-
equivalent groups of three O-sites by the magnetic field in the [111] direction, as
shown here. It corresponds to the division.

]ﬂ | il ) A

Ly
=300 =200 =100 [ . 106 200 300 400
shift kHz)

Fig. 3.3. 'O NMR spectra for B // [111] (T = 220K H = 7)

Fig.3.4 is the NMR spectrum with the magnetic field applied along [001]
direction. Comparing with the Fig.3.2 by N. Mera , it is successfully reproduced
170 enriched crystal NMR spectrum. In Fig.3.4, both OA(Blue) and OB(Red) site,
which shown in Fig.3.5, is splitting into 5 sets. The center line of O’(Green) is in
the middle, and then the 1st and 2nd lines split to both sides in turn. Under a
magnetic field in the [001] direction, the 6 O-sites are divided into 2 and 4 non-
equivalent groups as shown here. These are called OA sites and OB sites. From the
intensity ratio of the resonance lines, the resonance lines shown in red can be
assigned to the OB site and the resonance lines shown in blue can be assigned to
the OA site. Of the five quadrupole split resonance lines, the center line is the
center line, the resonance lines on either side of it are the low frequency and high
frequency first satellites, and the resonance lines at both ends are the low
frequency and high frequency first satellites. It is called 2 satellite. Below, we will
look at how each resonance line splits due to the phase transition at Ts1. The
following research of these three types of O NMR spectra when temperature
decreases will based on Fig.3.4.
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Intensity (10 a.u)

-200 0 200
Shift (kHz)

Fig.3.4 'O NMR spectra for B // [001] (T = 220K H = 7)

O’ site

Fig. 3.5. Crystal structure of Cd,Re,O; B // [001]

From the oxygen spectra of the two magnetic field directions at 220K, the
components of the O-site and O "site shift tensors, and the electric field gradient

tensor were thus determined as:

O side
a=6.45x10"

b=245x10"
c=1.05x10"°
v, = 80.4 kHz
Vp = 257.2 kHz
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O’ side
a=9.2x10"

3.2 NMR spectrum of O’

The temperature change of the spectrum of the centerline is shown as Fig 3.6.At
220K, one resonance line at each of the OA, OB, and O'sites shows splitting at a
temperature lower than Tsl = 203K. At least 4 peaks appear in OA and OB, and at
least 3 peaks can be seen at the O'site. Considering the O'site, it has high symmetry
at high temperatures. In phase I, the shift tensor had only one isotropic component
and the electric field gradient tensor was zero, but in phase |1, two components a
and b appear on the diagonal elements, reflecting tetragonal symmetry. In this case,
the formation of the domain is expected to result in two split resonance lines with
an intensity of 1: 2. Furthermore, if the inversion symmetry is broken, it is
expected that two sets of resonant lines split at an intensity of 1: 2 will appear
because the two O'sites that change due to inversion at high temperature become
unequal. Since the split resonance lines overlap at the center line, it is difficult to
determine exactly how many resonance lines there are. Therefore, we will focus on
the quadrupole satellite.]4m2.
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Fig. 3.8. O’ NMR spectra for B // [001]




As shown by the arrows in Fig.3.7 and Fig.3.8, five quadrupole split resonance lines were
observed at the O 'site at temperatures lower than Ts1. The split interval increases rapidly as the
temperature decreases, which is consistent with the secondary phase transition at Ts1.
Furthermore, as indicated by the black arrow, two sharp resonance lines appear in the low-
frequency first satellite, which is thought to be due to the appearance of two types of sites with
different electric field gradients due to the inversion symmetry being broken. I will. At low
temperatures, a new satellite resonance line with a small split width, indicated by the blue arrow,
appears, which is thought to be a signal from the domain where the c-axis of the tetragonal
crystal is perpendicular to the magnetic field.

3.3 NMR spectrum of OA

The spectrum of the high frequency second satellite at the OA site is shown as Fig 3.10 and
3.11. Fig 3.9 shows an example of calculating the state of resonance line splitting assuming
appropriate parameters. The resonance line of the OA site splits into four lines with an intensity
ratio of 1: 2: 2: 1 at a temperature lower than Ts1. This corresponds to the appearance of two
types of splitting into two with an intensity ratio of 1: 2 due to domain formation of the
tetragonal structure due to inversion symmetry breaking. This situation was clearly confirmed by

the low temperature spectrum obtained in the experiment.
14,22 o I-dm2 Fd-3m
I

S0 100 120 140 160 130 200 220

Fig. 3.9. Order Parameter (d(h,) is finite)
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Similar spectral splitting was also observed in the low frequency second satellite spectrum of
the OA site. The split interval of the satellite spectrum is more than 100 kHz, indicating that the
lectron charge distribution changes significantly with the phase transition.
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Fig. 3.11. OA NMR spectra for B // [001] (OA 2nd)



3.4 NMR spectrum of OB

From the Fig.3.12and Fig.3.13, the splitting of spectrum of OB spectrum can
be obvious observed. It can be confirmed that it splits into at least 6 lines at 188K.
The calculation result is 4: 2 2: 4 splits in fig 3.14 , which does not match the
experiment. Further experiments are needed in the future.
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Fig. 3.12. OB NMR spectra for B // [001] (OB 1st)
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Fig. 3.13. OB NMR spectra for B // [001] (OB 1st)
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Chapeter 4 Summary

In this reaserch , we measured NMR spectra of the 70 enriched Cd,Re,0-
crystal, and obtained 3 kinds of O resonance line near the temperature of
Ts1=200K.which to further clarify the transformation of the crystal structure.

In the high temperature | phase, the number of resonance lines expected from the
crystal structure was observed.

Conclusion of O’ NMR spectra

At lower temperatures than Ts1, five quadrupole split resonance lines were
observed at the O'site. The split interval increases rapidly as the temperature
decreases, which is consistent with the secondary phase transition at Ts1.
Furthermore, as indicated by the black arrow, two sharp resonance lines appear in
the low-frequency first satellite, which is thought to be due to the appearance of
two types of sites with different electric field gradients due to the inversion
symmetry being broken. The resonance line has an 1:2 split of resonance line
intensity which should have no split, should be due to an electrical quadrupole.
This is basically consistent with the previously speculated changes from the high-
temperature cubic Fd3m to the low-temperature tetragonal

Conclusion of OA NMR spectra

The resonance line of the OA site splits into four lines with an intensity ratio of
1: 2: 2: 1 at a temperature lower than Ts1. This is as same as the example of
calculating the state of resonance line splitting assuming appropriate parameters.
Corresponding to the appearance of two types of splitting into two with an
intensity ratio of 1: 2 due to domain formation of the tetragonal structure due to
inversion symmetry breaking. This situation was clearly confirmed by the low
temperature spectrum obtained in the experiment. Similar spectral splitting was
also observed in the low frequency second satellite spectrum of the OA site. The
split interval of the satellite spectrum is more than 100 kHz, indicating that the
electron charge distribution changes significantly with the phase transition.
resonance line, OA 1st spectra and OA 2nd spectra are Basically consistent with
the order parameter, which shows the break of anti-symmetry.

Conclusion of OB NMR spectra
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It can be confirmed that it splits into at least 6 lines at 188K. The calculation
result is 4: 2 2: 4 splits, which does not match the experiment, need further
experimentation and analyzed.

Future research

Under the magnetic field in the [001] direction, splitting of the resonance lines at
the O', OA, and OB sites was observed in phase I, which is lower than Tsl. Since
two types of quadrupole splitting occur at the O'site, the decrease in symmetry to
tetragonal crystals and the breaking of inversion symmetry were directly verified.
Tounderstand the splitting of the O-site resonant lines, we need further experiment,
such as NMR measurement in Ts2.
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