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ABSTRACT

The well-established technique of ' Fe Mossbauer spectrometry is used to investigate
the local chemical environment in iron-containing materials. This technique relies
on the recoil-free emission and absorption of y-rays by resonant nuclei within a
solid. The key component of a Mossbauer spectrometer is the velocity Doppler
drive, which modulates the energy of the incident y-rays to detect the hyperfine
structure of resonant nuclei. Since the 1970s, the conventional velocity Doppler
drive has been constructed using a pair of electromagnetic coils, one for power and
the second for feedback. An alternative Mdssbauer spectrometer was developed,
utilizing an amplified piezoelectric actuator as the Doppler velocity drive under
feedback control. The actuator, driven with a quadratic displacement waveform,
produced a linear velocity profile and was optimized using measurements from a
laser Doppler vibrometer (LDV). In transmission geometry, >’ Fe Mossbauer spectra
of a-iron display minimal peak distortions, enabling Mossbauer spectrometry in
applications requiring compact size and low mass, such as geochemical studies on

the Moon, Mars, or asteroids.

Synchrotron radiation is used for numerous experimental techniques, including X-
ray diffraction (XRD), nuclear resonant inelastic X-ray scattering (NRIXS), and nu-
clear forward scattering (NFS), also known as synchrotron Mossbauer spectrometry.
Diamond-anvil cells, capable of reaching high pressures at various temperatures,

combined with synchrotron experimental methods, provide the means to investigate



vii
the vibrational, magnetic, and thermophysical properties of materials. Measure-
ments on °’FessNiss were conducted using synchrotron XRD, NRIXS, and NFS
under various pressures and temperatures. XRD measurements at 298 K and 392
K under pressures up to 20 GPa confirmed a pressure-induced Invar effect between
7 GPa and 13 GPa, where the coeflicient of thermal expansion is nearly zero. NFS
measurements revealed a decrease in the magnetic moment of >’Fe under pressure,
indicating an increase in magnetic entropy. The 3’Fe phonon density of states
(DOS) was measured with NRIXS and gave a phonon entropy. Using thermody-
namic Maxwell relations, magnetic and phonon contributions to thermal expansion
were determined, demonstrating that the low thermal expansion in the pressure-
induced Invar region stems from a competition between the thermal expansion from

spins and from phonons.
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Chapter 1

INTRODUCTION

1.1 The Mossbauer Effect

The technique known as Mdossbauer spectrometry can be used to investigate the
local chemical environment of resonant nuclei, including structural, electronic,
and magnetic properties. Materials are probed by Mdssbauer spectrometry from
the perspective of the resonant nuclei looking out. Recoilless nuclear resonant
scattering, initially identified in solid '°'Ir, was first observed during the doctoral
research carried out by Rudolf Mossbauer in 1958. The Nobel Prize in physics was

presented to him in 1961 for the discovery [1].

Nucleus

Photon

VAV

Nucleus

Figure 1.1: (Upper) Incident photon approaching free nucleus. (Lower) Recoil of
free nucleus after being hit by a photon.



Recoil-Free Fraction

The Mossbauer effect is the recoil-free emission and absorption of y-rays by atomic
nuclei that are bound in a solid [2, 3]. The recoilless fraction, considered a crucial
element of the Mossbauer effect, is founded on the likelihood that, during the
emission or absorption of y-rays, a nucleus undergoing a nuclear transition will
not experience recoil. The occurrence of recoil results from the conservation of
momentum, wherein a nucleus emitting or absorbing a y-ray undergoes recoil in the
opposite direction to conserve momentum. The kinetic energy of the emitted y-ray

diminishes the energy of the recoil, denoted as ER.

E2

— y ~
Er = 2> 2meV (1.1)

The y-ray energy is represented by E,, the nuclear mass by M, and the speed of
light by c. In a free nucleus of >’Fe, E, is 14.41 keV, and M is 94.62x1077 kg,
resulting in a recoil energy ER, free of approximately 2 meV. This value is six orders
of magnitude larger than the line width of the nuclear resonance of >’Fe, which
is around 10~ eV, preventing the occurrence of nuclear resonant absorption. The

recoil of a free nucleus due to the collision with a photon is depicted in Fig. 1.1.

For a nucleus bound in a solid, the recoil is absorbed by the entire solid, not just by
the Y’Fe nuclei. The recoil energy is now expressed as ER free/N, where N is the
number of atoms in the solid, and for 1 mole of atoms, N is approximately 10?3, Ina
solid, the recoil energy is considered negligible, enabling the possibility of nuclear

resonant absorption.

The Einstein model of lattice vibrations is characterized by a single phonon fre-
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quency, denoted as wg. Therefore, the Mossbauer effect can be observed under the
condition

ER,free < hwE = kBQE (12)

where kp is the Boltzman constant, and 8¢ is the Einstein temperature. Under
the Einstein model, the Mossbauer-Lamb factor, which describes the probability of

recoilless nuclear absorption or emission to happen, is approximately

ER free ER free
R ~ : . 1.3
mL g CxP ( v (1.3)
The Debye model yields a more accurate Mossbauer-Lamb factor [4]
3Eg free 477 O /T X
= _— 1+ — dx||. 1.4
fuL =exp T ( 7z /0 ok (1.4)

where 6p is the Debye temperature. The Mossbauer effect is most easily observed
when fyy; is large. The exponential decrease of the Mossbauer-Lamb factor with
ER free and y-ray energy means that recoilless nuclear absorption or emission is
more probable for isotopes with excited states at low energies, including >’Fe. This
makes °’Fe Mossbauer spectroscopy particularly useful for studying iron-containing
materials [5]. The Mossbauer effect is not limited to the >’Fe isotope and has also

been observed in isotopes such as 119Gy, 121gp, IRy, and M.

Hyperfine Interactions

The recoil-free emission or absorption of y-rays in >’Fe occurs between the ground
state of spin I = 1/2 and the excited state of spin / = 3/2, with an energy of 14.4
keV. Nevertheless, the surrounding electrons can influence the nuclear energy levels

of the resonant nuclei. Perturbations to the nuclear energy levels can be detected
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by the Mossbauer effect, making Mdossbauer spectrometry an ideal technique for
investigating the local electronic environment of the resonant atom. The 14.4 keV
excited state of > Fe possesses a half-life of 98 ns, resulting in an absorption linewidth

of 4.67x107° eV due to the uncertainty principle.
AE = h/At (1.5)

where # is the Planck constant and ¢ is the lifetime of the excited nuclear state.

In addition to the recoil-free fraction, the most useful measurable quantities in
Mossbauer spectrometry for characterizing materials with Mdssbauer active nuclei
are the hyperfine interactions. The description of the valuable information that
can be extracted from the three hyperfine parameters (the isomer shift, the electric

quadrupole splitting, and the hyperfine magnetic field) is now provided.

Isomer Shift The isomer shift (IS) is determined by the electron density at the
resonant nuclei, resulting from a Coulomb interaction between the nuclear and
electronic charge distributions [2, 3, 5]. This shift requires electrons to have a finite
probability of being within the nucleus, restricting interactions to s-electrons. The
energy level is shifted by the Coulomb interaction between the s-electron density
and the nuclear charge

SE = §7r2e2|lps(0)|2<R>2 (1.6)

where Z is the atomic number, ¥ is the s-electron density, and (R) is the mean-
square radius of the nuclear charge distribution. The overall shift observed in

Maossbauer spectrometry is created by differences in the s-electron density between



the source (S) and absorber (A)
2
OF = Snze? (W4 O)F - 1¥5(0)F) ((R)E — (RE) (1.7)

where subscripts G and E refer to the ground and excited states. Useful information
about the local chemical environment near the resonant nuclei of the absorber is
provided by the isomer shift, and it is commonly used for the identification of

oxidation states and spin.

Electric Quadrupole Splitting The electric quadrupole splitting (QS) arises from
the interaction between the electric field gradient (EFG) and the non-spherical shape
of anucleus, characterized by its nuclear quadrupole moment (Q) [2, 3, 5]. Spherical
symmetry and Q = 0 are observed in nuclei with spin quantum numbers / = 0 or
I = 1/2. For a nucleus with a spin quantum number / > 1/2, a deviation from
spherical symmetry occurs, leading to a non-zero Q. In such cases, when Q is
exposed to an asymmetric EFG, the nuclear energy levels experience a loss of
degeneracy due to the electric quadrupole interaction. The Hamiltonian eigenvalues

for the interaction between Q and the EFG are

eQV;,

2\ 1/2
_ 2 2 _ nm
EQ-4H21_1)nZe [3m] 4M1+1ﬂ(1+ 3) (1.8)

my=1,1-1,..,—|I (1.9)

where V. is the principal eigenvalue of the EFG tensor, [ is the nuclear angular

momentum, and 7 is the asymmetry parameter,

Vie = Vyy

(1.10)
VZ Z

]7:
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The energy for resonant absorption is split into two lines, as only the excited state

has distinct eigenvalues for the Hamiltonian, with the difference
1 n
AEQZEeQsz 1+—. (1.11)

Changes in local symmetry and valence differences near the resonant nuclei will
lead to shifts in QS in various Fe-containing materials. Figure 1.2 shows a nuclear

energy diagram for quadrupole splitting in >’Fe.

-~ |11E
-~ as
1=3/2 e~ +1/2
emted
14.41 keV | = - = +1/2

Isomer Quadrupole
Eground Shift Splitting

S7Fe

Figure 1.2: Nuclear energy diagram of the isomer shift and quadrupole splitting for
57
Fe.

Hyperfine Magnetic Field The hyperfine magnetic field (HMF) occurs when
the magnetic moment of the nucleus, u, interacts with the effective magnetic field
(Beyy) produced by nearby electrons [3, 5]. As a result of this interaction, the
nuclear energy levels undergo splitting into (2/ + 1) components, owing to the

nuclear Zeeman effect. The Hamiltonian governing the interaction between u and

Beff is

|
l

“Begr=—gun I - Begr = —gunBI, (1.12)

=

Humr = -
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where g is the nuclear gyromagnetic ratio, uy is the nuclear magneton, and I is
the z-component of the nuclear spin /, which can take on the values of —1, -1 +
1,...,1—1, 1. Inthe case of >’Fe, the ground state, with a spin of / = 1/2, undergoes
a split into two sublevels, while the excited state, with a spin of / = 3/2, undergoes
a split into four sublevels. However, only six transitions are permitted overall, as
dictated by the selection rules: Al = 1; Am = 0, +1. The splitting of the nuclear
energy levels is influenced by the hyperfine magnetic fields, which are determined
by the local chemical environment surrounding the resonant nuclei. The transitions
between the ground state and the excited state of °’Fe in a hyperfine magnetic field

are shown in Figure 1.3.

- & _3;‘2
-
|=3/2 - f:- - & Fy —1/2
Ee:u:ited FY - _
-~ - +1/2
~ - ry 'y
- +3/2
Y
14.41 keV
k J L J v
v — = - +1f2
Egn:|unvd i S Yy vV
STFe - —-1/2

Magnetic Hyperfine
Splitting

Figure 1.3: Nuclear energy splitting and transitions between the ground state and
the first excited state of an >’Fe nucleus in a hyperfine magnetic field.



Mossbauer Spectrum of a-Fe

At room temperature, pure iron is magnetic, has a bee crystal structure, and a hyper-
fine magnetic field (HMF) of 33 T. A sextet is observed in the Mossbauer spectrum
of pure bcc Fe, shown in Fig. 1.4, owing to the negligible electric quadrupole
splitting resulting from symmetry. The spectrum in Fig. 1.4 is symmetric, with
its center located at velocity, v = 0 (albeit with an isomer shift present). This is
due to the utilization of bcc Fe as a calibration, causing all shifts detected in other

Fe-containing samples to be referenced to bcc Fe.

m T T T T T L T T T T T T L
26x10° | .
[ ' L :-' . . . ¢ [} :
: s / il S . R
250 . . . = + ot ‘e * ' n
L i Y - ., . . * -.- ]
& o . - . ce * ]
£ : . . : : . L :
8 24 “. . » . =
O r . . . ]
r - - b
23 " . - . b
L]
L ] *
BB pp | et pRRE DT e SENN ) WU REATE | el VNl MR | SO0 RGO WhR |60 WARE R 00 e s
6 -4 2 0 2 4 6
Velocity (mm/s)

Figure 1.4: Mossbauer spectrum of a 30um thick a-Fe foil measured in transmission
geometry.

The width of the observed peaks in bce Fe is influenced by both the linewidth of
the excited nuclear state and instrumental broadening. However, the orientation of

the HMF with respect to the propagation direction of the y-rays defines the relative



intensities [3]. A isotropic distribution of HMF will produce relative intensities

I i Iz:14:1s:1g=3:2:1:1:2:3. (1.13)

When the orientation of the HMF is parallel to the propagation direction of the

y-rays the relative intensities are

L LIz 14:15:1=3:0:1:1:0:3. (1.14)

When the orientation of the HMF is perpendicular to the to the propagation direction

of the y-rays the relative intensities are

I i Iz :14:1Is:Ig=3:4:1:1:4:3. (1.15)

The presence of magnetic texture is commonly observed in foil samples of bcc
Fe, and variation can be seen among samples. Nevertheless, the robustness of the

hyperfine splitting observed in the sextet of bce Fe is consistent.

Maossbauer Spectrometry on Mars

The MIMOS II miniature Mossbauer spectrometer played a crucial role in advanc-
ing our understanding of Martian geology through Mossbauer studies on the Mars
Exploration Rovers, Spirit and Opportunity, which launched in 2003. Developed
in collaboration with institutions like NASA by Dr. Gostar Klingelhofer and his
group at the University of Mainz, this pioneering instrument utilized Mdssbauer
spectroscopy, providing important insights into the mineral composition of rocks
and soils. MIMOS 11, equipped on both Spirit and Opportunity, allowed the Martian
surface to be analyzed by characterizing iron-bearing minerals and providing valu-

able data for scientists to comprehend past environmental conditions on Mars. Most



10

notably, a substantial amount of goethite (o-FeOOH), formed only in an aqueous
environment, was revealed in the MIMOS II Mossbauer spectra collected on the

Red Planet, suggesting a past presence of water on Mars [6-9].

a

Figure 1.5: (Upper) Overall view of the MIMOS II sensor head. (Middle) MIMOS IT
sensor head with cover taken off displaying interior and front view of the collimator

surrounded by four Si-PIN detectors. (Lower) View of the MIMOS II sensor head
mounted on the turret. [6]
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The MIMOS 11, a miniature electromagnetic velocity Doppler drive, was equipped
with two °7Co Mossbauer sources and had an approximate mass of 500 grams. The
reference source, utilizing hematite (alpha-Fe203) and iron (alpha-Fe) as targets,
was mounted at one end of the MIMOS II in transmission geometry with a PIN-
diode detector for calibration purposes. At the opposite end of the MIMOS 1I, a
source was utilized to irradiate the surface on Mars and analyze the soil and rocks.
The analysis end of the MIMOS II operated in backscatter geometry, combining four
PIN-diode detectors to collect the backscattered °’Fe photons [6]. Multiple views

of the MIMOS 11, developed by Dr. Gostar Klingelhéfer, are depicted in Figure 1.5.

1.2 Synchrotron Radiation

The largest synchrotron in the United States is measured at a circumference of
1.1 km and is known as the Advanced Photon Source (APS), located at Argonne
National Lab (ANL) in Argonne, Illinois (refer to Fig. 1.6). Within the APS, syn-
chrotron radiation is generated by a large evacuated storage ring where electrons are
circulated. Prior to injection into the storage ring, the electrons undergo accelera-
tion first through a linear accelerator and then through a booster synchrotron, using
electromagnets to achieve speeds near the speed of light and reaching energies of
approximately 7 GeV. The emission of synchrotron radiation occurs continuously as

the electrons are in orbit.

The storage ring includes 40 straight sections, with the beam being redirected
between these sections by bending magnets. These straight sections incorporate

linear arrays of magnets with alternating polarity, known as undulators, causing
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rapid oscillations of electrons along sinusoidal paths, as shown in Fig. 1.7. The
spacing between these magnets defines the energy of the radiation, allowing for

precise tuning tailored to the requirements of the experiment. [10, 11]

RPS Experiment Hall

efidvanced Photon Sourc g at Argpling! iglal Lahioratory

Y .

Storag| Ino‘?
Benting Magnet—J°

Center for Nanoscale Materlals.

Figure 1.6: (Left) Aerial view of the Advance Photon Source (APS) synchrotron
storage ring at Argonne National Laboratory (ANL). (Right) Schematic of the
beamline setup at the APS where experiments take place in the straight sections.
Images extracted from [12].

INSERTION DEVICE
(Wiggler or Undulator)

Permanent Magnetic Material
= Nd-Fe-8

Figure 1.7: (Left) Image of undulator insertion device at the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL). (Right) Schematic repre-
sentation of the working principle behind the undulator insertion device. Images
adapted from [12].
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Synchrotron X-Ray Diffraction

Crystal structures, lattice parameters, and crystal defects can be determined using
the robust technique known as X-ray diffraction (XRD). In order for diffraction
to happen, the wavelengths of the incident waves must be on the same order as

interatomic spacings in the crystal. In high-pressure XRD experiments, samples

Figure 1.8: Ring diffraction pattern collected with CCD detector.

that are tens of microns in size are required, making synchrotron radiation the
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ideal method for such experiments. A complete diffraction pattern is obtained
within seconds through the utilization of a two-dimensional charged-coupled device
(CCD) area detector. In the case of polycrystalline samples, the raw data is shown as
a collection of ring diffraction patterns (refer to Fig. 1.8). The radii of the measured
rings are proportional to the different interplanar spacings, dpi;, of diffracting planes

labeled by Miller indices (hk!) in accordance with Bragg’s law,
A= 2dhlein(9hkl)- (1.16)

The raw data image file is converted to a conventional one-dimensional diffraction
pattern suitable for analysis of crystal structure and unit cell volume. The processing
of the two-dimensional X-ray diffraction CCD data is carried out using the Dioptas

software package [13].

Synchrotron Mossbauer Spectrometry

Synchrotron Mdéssbauer spectrometry or nuclear forward scattering (NFS) is recog-
nized as the time domain equivalent to traditional Mdssbauer spectrometry, where
the absorption lines of resonant nuclei are measured as a function of energy. The
incident photon beam is filtered and tuned to the resonant energy, 14.4 keV for °’Fe,
using a monochromator, followed by the utilization of a high-resolution monochro-
mator to achieve a meV bandwidth. The excitation of all resonant nuclei occurs
simultaneously through a synchrotron flash. At the advanced photon source (APS),
the synchrotron radiation is produced in the form of a series of 24 pulses with a
duration of 70 ps, separated by 153.3 ns intervals. With the electronic scattering

lifetime on the order of femtoseconds, this temporal arrangement allows for the iso-
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lation and detection of the scattering attributed to the nuclear resonant state, which

has a lifetime of 141 ns. [14]

As the resonant nuclei decay to their ground state, recoil-free photons with marginally
different frequencies are emitted. The interference of these emitted photons results
in the generation of beats due to the superposition of their frequencies. The time-
resolved interference pattern, referred to as quantum beats, enables the extraction
of information on hyperfine interactions. Figure 1.9 displays an NFS spectrum of

3TFes5Niss measured at the APS.

1 04 ;J“

w 10°F
= -
S5 L
o B
O i
1025—
1 1 | L L 1 | L L L | L 1 L | L 1 L | L
10 20 60 50 100 120
Time (ns)

Figure 1.9: NFS spectrum from >’FessNigs at room temperature and a pressure of
0.5 GPa. The fit to the data with the software CONUSS is in blue.

Quantum beats occur when the presence of splitting in nuclear energy levels is
observed within resonant nuclei, leading to the emission of photons with varying

frequencies. In resonant nuclei containing a HMF, such as >’Fe, six allowable
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transitions arise from the energy splitting, resulting in the creation of complex
interference beats. The considerable separation in energy attributed to the HMF
gives rise to the observation of beats with short time periods in magnetic samples
[14, 15]. As temperature or pressure increases, causing the loss of long-range
magnetic order, the period of quantum beats increase and eventually are nonexistent.
The analysis of NFS spectra requires the utilization of the specialized software

program CONUSS [16].

Nuclear Resonant Inelastic X-Ray Scattering
Nuclear resonant inelastic X-ray scattering (NRIXS) is an exclusive synchrotron
technique used to probe the partial phonon densities of states (pDOS) of the resonant

nuclei at high pressures. In NRIXS, we perform a scan in energy of the incident

Ll T L) ' L] T T I T T T I T T T l T L) L I T Ll L 'I Ll T T

104

103

102

Counts

101

10‘0 ‘
10__1_.. . M P P B ‘l‘

|
1 P | | 1 J
60 —-40 —20 0 20 40 60 80
E (meV)
Phonon Annihilation I Phonon Creation

|
Resonance

Figure 1.10: NRIXS spectrum from >TFessNigs at ambient conditions.



17

photons varying tens of meV above and below the nuclear resonance energy. Away

from resonance, the photons are able to scatter inelastically and either gain or

lose the energy required to excite the nuclear transition of the resonant nuclei,

therefore annihilating or creating phonons in the material [14, 15]. The detection

of resonant events as a function of energy detuned from resonance is the aim of

NRIXS experiments. The analysis of NRIXS data, which is the number of inelastic

incoherent scattering events at each detuned energy, to a phonon pDOS requires the

use of the specialized software program PHOENIX [16]. Figure 1.10 shows the raw

NRIXS spectrum for 7FessNiss at ambient conditions.
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Chapter 2

EXPERIMENTAL METHODS

In this section, the experimental instrumentation and methods used to collect data

that presented in my thesis is described.

2.1 Maossbauer Measurements

In the typical experimental setup for a conventional Mossbauer spectrometer in
transmission geometry, as illustrated in Fig. 2.1, a Mossbauer source (°’Co embed-
ded in a Rh matrix emitting 14.4 keV y-rays as it decays to a metastable >’ Fe state) is
mounted on an electromagnetic (EM) velocity Doppler drive (Wissel MDU-1200),
along with a thin Fe-containing sample and a photon detector, all enclosed in lead
shielding. A lead collimator is placed in front of the source to create a parallel
beam of y-rays. The EM velocity Doppler drive is operated in a mode of constant
acceleration, usually at speeds ranging between 6 - 20 mm/s, set by a digital function

generator (Wissel DFG-1200).

In transmission geometry, photons are allowed to travel straight from the driving
end of the Doppler drive through the sample and into the detector. The detector
used in the conventional Mdssbauer spectrometer setup is a proportional counter or
gas-filled detector containing a cylindrical Al tube, a 0.002-in Au-plated W wire as
the anode, and a plexiglass window sealed with epoxy. The detector is filled with

a 90%Ar-10%Methane gas mixture, flowed at a slow rate. Upon photon impact,
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Ar atoms within the detector undergo ionization, and electrons are attracted to the
anode wire, generating pulses proportional to the incident photon energy. These
detector pulses are subsequently sorted according to height using a multi-channel
analyzer, and a single channel analyzer is then used to count the 14.4 keV pulses,

binning them in channels that are equally separated in time.

y-rays
Doppler Drive Detector

Fe-Containing
Sample

57Co y-ray
Source

Figure 2.1: Electromagnetic Mdssbauer spectrometer in transmission geometry.

The hyperfine structure of the resonant nuclei in a sample can be observed by
conducting a scan of the incident y-ray energy within the range of energy associated
with the hyperfine splitting. As the sample is exposed to the motion of the y-ray
source, which moves back and forth at a speed with constant acceleration, the energy

of the incident y-rays is shifted due to the Doppler effect,

E=-E, @.1)
C

where v is the velocity of the source, c is the speed of light, and E, is the energy
of the incident y-rays (14.4 keV for 57-Fe). A Mossbauer spectrum is defined by

the measured transmitted photons as the source velocity changes. In transmission
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geometry, the dips with Lorentzian linewidths that are observed in the spectrum
correspond to the resonant absorptions. The Mossbauer spectrum is defined by
the transmitted photons that are measured as the source velocity undergoes oscilla-
tions. In transmission geometry, the dips observed in the spectrum, with Lorentzian
linewidths, correspond to the resonant absorptions. Prior to the insertion of any Fe-
containing samples into the Mdssbauer spectrometer, a standard procedure includes
the running of an alpha-Fe sample for calibration and conversion from channel to

velocity.

2.2 High Pressure Measurements
All high-pressure synchrotron experiments were conducted using diamond-anvil

cells (DACs). The applied force (F) per unit area (A) defines pressure (P):
F
P=— 2.2
1 (2.2)

Pressure can be increased by either applying more force or decreasing the area
over which the force is applied. Diamond, due to its exceptional hardness and
transparency to electromagnetic radiation, is capable of effectively generating high
pressures. DACs have been reported to generate pressures as high as 750 GPa [1].
The fundamental concept of diamond-anvil cells involves arranging two diamonds
to be pressed against each other. A schematic of the diamond configuration in a

DAC is displayed in Fig. 2.2.

The flat diamond culet, with diameters typically ranging between 250um-500um,

influences the applied pressure in the cell. Epoxy is used to secure the diamonds
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r4

Diamond
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Figure 2.2: (Upper Left) Schematic representation of the diamonds and sample
chamber. (Upper Right) Diamonds aligned in parallel. (Lower Left) The sample
chamber enclosed by diamonds after loading the sample and rubies. (Lower Right)
Panoramic-type diamond-anvil cell (DAC) used for high-pressure nuclear resonant
inelastic X-ray scattering (NRIXS) and nuclear forward scattering (NFS) measure-
ments.

on to tungsten carbide seats, which are then placed into the cell. The diamonds are
aligned using set screws, ensuring both diamonds are centered, and their culets faces
are parallel (refer to Fig. 2.2). This alignment helps prevent diamond breakage and
gasket damage under high pressures. A metal gasket, pre-indented and laser-drilled

[2] with a hole about 1/2 the culet diameter, serves as the sample chamber. It contains
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a 50um x 50um square sample and a pair of rubies for monitoring pressure through
optical fluorescence (as depicted in Fig. 2.3). Pressurized helium gas is used as the
pressure medium in all high-pressure experiments to ensure hydrostatic pressure.
Securing the cell involves tightening four screws with spring-loaded washers at the
top, restraining the sample and rubies between the diamonds and gasket. The screws
include pairs of left-handed and right-handed screws for sequential tightening and

symmetrical compression of the cell.

Rubies

Figure 2.3: Close-up view of the sample chamber loaded with a 50um x 50um
sample and two rubies.

High Pressure XRD High-pressure X-ray diffraction (XRD) experiments were
conducted at beamline 16 ID-D of the Advanced Photon Source (APS). A symmetric-

type DAC (see Fig. 2.4), featuring a wide-angle opening on the bottom side enabling
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the observation of higher diffraction angles, was used for synchrotron XRD experi-

ments. The creation of a sample chamber for all high-pressure XRD measurements

P - Wide-Angle Opening |
s " Gas-Membrane Capsule

Y

Figure 2.4: (Upper Left) Front view of the symmetric-type diamond-anvil cell
(DAC). (Upper Right) Bottom view of the symmetric-type DAC displaying wide-
angle opening. (Lower) Gas-membrane system used to make remote pressure
changes.

involved the use of a rhenium gasket. Subsequently, a loaded and aligned DAC was
mounted on a gas-membrane system, which allowed for remote and precise pressure
adjustments. The key component of the gas-membrane system, as depicted in Fig.
2.4, is the ring-shaped bladder. For room temperature measurements, the DAC,
along with the gas-membrane system, is directly placed on a motorized XYZ stage

to help align the sample with the photon beam.
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For experiments conducted under high temperature and high, the symmetric-type
DAC is positioned within a furnace made of copper and is used in conjunction
with a gas-membrane system. Temperature monitoring is enabled by the use of two
thermocouples, with one fixed to the cell and another to the copper-block furnace.
To maintain isolation from elevated temperatures, a water-cooled base connects
the copper-block furnace to the motorized XYZ stage. The experimental setup,
as illustrated in Figure 2.5 at beamline 16 ID-D, showcases the symmetric-type
DAC within the copper-block furnace. Synchrotron XRD experiments in Chapter 4

utilized X-rays with an energy of 27 keV.

Figure 2.5: (Left) Copper-block furnace used for high temperature and high pressure
experiments. (Right) Experimental configuration for high pressure X-ray diffraction
(XRD) measurements at beamline 16 ID-D at the Advanced Photon Source (APS).

High Pressure NRIXS and NFS High-pressure nuclear resonance inelastic X-
ray scattering (NRIXS) and nuclear forward scattering (NFS) experiments were
conducted at beamline 3 ID-D of the Advanced Photon Source (APS). Synchrotron
NRIXS and NFS measurements were performed using a panoramic-type DAC (refer

to Fig. 2.2), featuring wide openings on the sides enabling the insertion of avalanche
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photodiode detectors (APD). A beryllium gasket, transparent to X-rays, was used to
establish a sample chamber for all high-pressure NRIXS and NFS measurements.
Room temperature conditions were maintained for all NRIXS and NFS scattering
measurements. In the case of NRIXS, three APD detectors were positioned as
closely as possible to the sample through the side access of the panoramic-type
DAC, optimizing the solid angle. Figure 2.6 illustrates a schematic representation
of the APD configuration for NRIXS experiments. NFS measurements, on the other
hand, were conducted in transmission geometry, requiring only one APD detector
placed directly downstream in relation to the X-ray beam direction and subsequent

to the DAC.

e
" -
..........

adv

Figure 2.6: Top view schematic of the experimental setup of the panoramic diamond-
anvil cell with avalanche photodiode detectors used for NRIXS measurements.

To ensure high-quality synchrotron measurements (XRD, NRIXS, NFS), time was
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invested in searching for the gasket hole and identifying the sample by scanning the
synchrotron X-ray beam. As pressure or temperature increased, the sample often
shifted, necessitating rescanning of the synchrotron X-ray beam to locate the optimal
sample position for signal maximization. For NRIXS and NFS measurements,
pressure adjustment was achieved without a gas-membrane system, involving manual
turning of the set of screws located at the top of the cell in pairs to symmetrically

compress the DAC. The experimental configuration for NRIXS and NFS at beamline

3 ID-D is depicted in Fig. 2.7.

Figure 2.7: (Left) Experimental configuration for high pressure nuclear resonant
inelastic X-ray scattering (NRIXS) and nuclear forward scattering (NFS) measure-
ments at beamline 3 ID-D at the Advanced Photon Source (APS). (Right) Myself,
Pedro Guzman, manually tuning the diamond-anvil cell (DAC) pressure.
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Chapter 3

A MINIATURIZED PIEZOELECTRIC MOSSBAUER
SPECTROMETER WITH FEEDBACK CONTROL

3.1 Introduction

Maossbauer spectrometry is a robust technique that provides quantitative information
about the structural, electronic, and magnetic properties of materials containing nu-
clear resonant isotopes such as STFe, 1198, 121Sp, 151Ey, or !'r. The “Mdssbauer
effect” is based on the recoil-free emission and absorption of y-rays in solids, allow-
ing for the energy of the outgoing y-ray to be accurate to 10~ eV [1]. Mdssbauer
spectra provide quantifiable information on the interactions between the nucleus
and its neighboring electrons, which cause small perturbations to the nuclear energy
levels known as “hyperfine interactions”. The energies of the y-rays are tuned by
moving the radiation source with a velocity, v, relative to the sample. This gives a
Doppler shift AE = (v/c) X Eg, where E| is the energy of the y-ray, approximately
14.41 keV for >’Fe. This AE is scanned cyclically when acquiring a Mossbauer
spectrum. A velocity range of +£10 mm/s is sufficient to scan through many spectra
of nuclear resonances for °’Fe Mdssbauer spectroscopy, however in some cases

higher velocities are needed [1-4].

The main components of a standard Mdssbauer spectrometer are an electromagnetic

Doppler velocity drive, a source of y-rays, and a photon detector [1, 4, 5]. A >’Fe
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Maossbauer spectrum is a plot of the intensity of detected 14.41-keV y-ray photons
versus Doppler velocity, v. The velocity transducer is a key element in a Mdssbauer
spectrometer since the quality of the spectrum is governed by the precise movement

of the radiation source.

Miniaturized electromagnetic Doppler velocity drives were developed in the recent
past for Mossbauer experiments on the surface of Mars [6, 7]. Notably, the MI-
MOS II was a miniature Mossbauer spectrometer built for missions on the Mars
Exploration Rovers, Spirit and Opportunity. The MIMOS II spectrometer collected
several Mossbauer spectra of rocks on Mars, and some spectra showed a significant
amount of an iron oxyhydroxide, goethite (a-FeOOH). At the time, this was the best
mineralogical evidence for presence of water on Mars, since goethite is formed only

in an aqueous environment [8—10].

Compared to a miniature electromagnetic Doppler velocity drive, a piezoelectric
actuator as a Doppler drive could significantly reduce the size, mass, and power re-
quirements of a Mossbauer spectrometer, making Mossbauer spectrometry available
for applications where miniaturization is essential. Previous publications report the
use of piezoelectric actuators as Doppler velocity drives for MOssbauer spectrome-
try [11-15]. None, however, were operated with feedback control. Here we report
the use of a mechanically-amplified, piezoelectric actuator as a Doppler velocity
drive, both in open loop and in feedback-controlled configurations. Feedback con-

trol overcomes problems with thermal sensitivity of the piezoelectric material, and
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successfully corrects for nonlinearities and parasitic oscillations in the dynamics
of the drive. The system performance is nearly comparable to laboratory-based

electromagnetic Doppler velocity drives.

Piezo Actuator Shleldlng—¢

Thin Sample
Velomty l
Sou rce
Detector

Strain Gauge

Figure 3.1: Spectrometer in transmission geometry. Radiation source is attached
to mechanically-amplified piezoelectric actuator with velocity perpendicular to the
thin sample absorber.

3.2 Experimental

Spectrometer Configuration

Fig. 3.1 shows a Mossbauer spectrometer with a piezoelectric Doppler velocity
drive arranged in transmission geometry, where the distance between the source and
the sample is 2cm and the distance from the sample to the detector is 1 cm. The
spectrometer includes a °’Co source of y-rays (Ritverc MC07.162), with approxi-
mate activity of 2mCi at the time of measurements, mounted on a mechanically-

amplified piezoelectric actuator (Cedrat-Technologies APA1000L), a 30 um thick
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99.99+% purity a-iron foil as the absorbing sample, and a solid state detector (Ketek
VITUS H50). A pair of 350 Ohm resistive strain gauges are used to monitor the
displacement of the transducer and perform feedback control. The strain gauges
have a T-Rosette design and are mounted directly on the multilayer actuator (MLA)
by Cedrat-Technologies. The strain gauges are designed to be compatible with the

Cedrat-Technologies piezoelectric controller (CCBu20).

The piezoelectric actuator with the y-source undergoes cyclic displacements that
follow a periodic reference waveform. Typically, MOssbauer spectrometers are op-
erated in constant-acceleration mode, where the velocity follows a triangle wave.
This linear velocity profile allows for evenly spaced velocity steps, and each time
step corresponds to a channel in a multichannel scaler. A triangular velocity profile
requires a quadratic displacement profile as the driving waveform for a piezoelec-
tric Doppler velocity drive. The >’Fe Mossbauer spectrum of a-iron contains six
absorption lines due to the nuclear Zeeman effect [1, 16]. For each oscillation pe-
riod, the Doppler shifted velocity passes through zero twice (at the turning points),
giving two sets of six absorption lines as shown in Fig. 3.3. A microcontroller
(Teensy 4.0) is used to generate the reference driving waveform with a lookup ta-
ble. The reference waveform is input into the piezoelectric controller (CCBu20),
which compares the feedback from the strain gauges to the reference waveform, and
amplifies the signal to ultimately drive the piezoelectric actuator. Additionally, the

microcontroller functions as a 2048 channel multichannel scaler for acquiring the
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spectrum over many cycles of the Doppler drive.

The electronics in the experimental setup allow for determination of gamma energies
with a sample-and-hold analog circuit combined with a voltage comparator for pulse
detection. The microcontroller uses a 12-bit ADC for binning of the analog values.
Figure 3.2 shows an energy spectrum collected with the microcontroller, where
the pulses from the detector are sorted by their amplitude (energy binning). The
software allows for user-inputted values to set the discriminator window, which is
tested after each pulse is detected. The pulses in the window around 14.4 keV are

then binned against velocity to obtain a Mdssbauer spectrum.
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Figure 3.2: Energy spectrum resulting from the pulse-height-analysis (PHA) binning
from the piezoelectric Mdssbauer spectrometer.



34

Feedback Control and Low-Pass Filtering

>TFe Mossbauer spectra collected without feedback control (i.e. open loop) were of
poor quality, as shown in Fig. 3.3. For a high-performance spectrometer, feedback
control of the piezoelectric actuator is required. The purpose of the PID controller is
to diminish the error e(¢) between the strain gauge displacement signal y(¢) and the
reference waveform r(t) by adjusting the proportional (P), integral (I), and derivative

(D) terms to generate a corrected drive signal, d(¢). The error is defined as:

e(t) =r(t) —y(t) (3.1
Time (s)
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Figure 3.3: Open loop performance. Velocity error signal e(¢), measured LDV
velocity profile y(¢), and reference velocity profile r(¢) at a driving frequency of 10
Hz. The measured LDV velocity profile y(¢) and the reference velocity profile r(¢)
were offset from zero voltage. (Inset) STFe Mossbauer measurements of a 30 um
a-iron foil collected at a driving frequency of 10Hz in open loop.

A digital PID controller operates with discrete time interval [17]. The CCBu20



35

controller provides digital PID control and a digital stabilizing filtering cell, in
which ADC and DAC converters are used to sample the analog signals and perform
the feedback control digitally. The sampling time of the digitization process, 7,
determines the discrete time events ¢ = nT (where n = 0, 1, 2,...). The adjustment

on the drive signal d(¢) by the proportional term is:
dp(t) = kpe(nT) (3.2)

providing direct amplification by the proportional gain kp. The adjustment on the

drive signal by the integral term is:

n

di(t) = % Z e(mT) (3.3)

m=1
where 77 is the integration time. Over time, the integral term minimizes deviation
from the average reference value. The adjustment on the drive signal by the derivative

term is:

dp (1) = TDe(nT) - e;(n -1)T) (3.4)

where Tp is the derivative time constant. The derivative term impacts the stability
properties of the feedback control by preventing overshoot. The overall adjustment

on the drive signal by all three components is [17-19]:

n

dpip(t) = kple(nT) + % > e(mT)

m=1

b Lle(n) - e((n - 1)7)]] (3.5)
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Figure 3.4: Schematic of basic digital control loop.

Feedback control enables the piezoelectric actuator to reduce error, e(¢), in position,
and therefore its velocity. The PID parameters influence the response speed of the
controller but also introduce energy into system resonant modes, which degrade
performance. A low-pass filter was placed in line with the feedback controller to
limit the impact of the resonant frequency modes of the actuator [20]. Fig. 3.4 is a

schematic block diagram illustrating the digital PID controller and filter.

Laser Doppler Vibrometer

Single-point laser Doppler vibrometer (LDV) measurements were performed with
a Polytec OFV-3001 vibrometer to monitor the velocity profile of the piezoelectric
Doppler velocity drive. LDV is a non-contact technique for probing vibrations of
a surface. During an LDV measurement, a beam from a laser (fp) is split into

a test and reference beam. A Bragg cell adds a frequency shift (f,) to the test
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beam that is directed to the target (piezoelectric actuator). The motion of the target
adds a Doppler shift frequency to the beam given by: f; = 2v(t)/A, where A is
the wavelength of the beam and v(7) is the velocity of the target. The resulting
frequency of the beam measured at the detector is a frequency modulated signal

Sfmod = fp +2v(t)/A, from which the velocity vs. time is obtained [21, 22].

Mossbauer Data Fit

The velocity scale is calibrated with the known hyperfine magnetic field splitting
of a-iron to convert from channel number to velocity (mm/s) [23]. Using the
Mossbauer fitting program Fit;o) [24], we fit our data with a sextet having Lorentzian
profiles, as shown in Fig. 3.5. The obtained hyperfine parameters were 33 T for the
hyperfine magnetic field and the isomer shift is set to zero since the sample is our
reference absorber. Relative areas of 3:2.5:1:1:2.5:3 for peaks (1,6), (2,5), (3,4) were
obtained from the fit. The average the full-width-at-half-maximum (FWHM) for
peaks (1,6), (2,5), (3,4) were 0.348 mm/s, 0.316 mm/s, and 0.245 mm/s respectively.
The chi-square value, which describes the quality of model fit for data of a particular

statistical quality, was 8.6 for the fit of Fig. 3.5.

An isotropic distribution of hyperfine magnetic fields in @-iron gives a 3:2:1:1:2:3
relative area ratio for peaks (1,6), (2,5), (3,4). The magnetic dipole transitions in >TFe
have radiation patterns that go as (1 + cos?(6)) if there is a change in z-component
of angular momentum of +1, and as sin?(#) if this change is 0. Here (6) is the angle
between the path of the y-ray and the z-axis of the hyperfine magnetic field. When

6 = 90°, so the magnetization is in the plane of the foil sample, the ratio becomes
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Figure 3.5: °>’Fe Mossbauer spectrum of a 30 um a-iron foil (black) collected with
the piezoelectric Doppler velocity drive at a driving frequency of 10 Hz, a 100 V DC
offset, 70 Hz Low Pass Filter, and in closed loop. Fit;0) sextet fit with Lorentzian
profiles (red).

3:4:1:1:4:3 [25]. Magnetic texture is common in foil samples of iron, and there is a

slight texture for the sample of Fig. 3.5.

Maossbauer Velocity Ranges

Our piezoelectric drive system is capable of achieving a wide range of velocities by
tuning the amplitude of the driving voltage and tuning the driving frequency (the
resulting velocity is dependent on both parameters). Figure 3.6 shows Mossbauer
spectra of alpha-iron with a variety of velocity ranges achieved by increasing the

amplitude of the driving voltage.

3.3 Results
In open loop operation (without feedback control), Fig. 3.3 shows a number of
peak distortions and broadenings of the six peaks from a-iron. Also shown is a

mechanical resonance in the error signal e(f) near -6 mm/s. This originated with
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Figure 3.6: Closed loop performance at different velocity ranges. 3'Fe Mossbauer
measurements of a 30 um a-iron foil collected at a driving frequency of 10Hz, a
100 V DC offset, 70 Hz Low Pass Filter, and in closed loop. (Top) Driving voltage
amplitude of 40 V, (Middle) driving voltage amplitude of 48 V, and (Bottom) driving
voltage amplitude of 56 V.

the stack of piezoelectric elements becoming loose at the corresponding extension.
This problem was minimized by applying a DC offset to the drive signal to keep the
piezoelectric stacks in a state of expansion. This DC bias was used for closed loop,
too. The feedback-controlled piezoelectric Doppler velocity drive was optimized by
tuning the PID parameters and measuring the velocity profile y(¢) with the LDV.
A sinusoidal transition at the maxima of the velocity profile y(¢#) was implemented
by customizing the reference waveform. The smoothed reversals in acceleration

suppress the jerk at the velocity maxima.

The tuned piezoelectric Doppler drive system in closed loop shows only minimal
peak distortions in the measured 3’Fe Mossbuaer spectrum of a-iron, as shown in

Fig. 3.7. The spectrum of the 30 um a-iron foil collected with the piezoelectric
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Figure 3.7: Closed loop performance. Velocity error signal e(¢), measured LDV
velocity profile y(z), and reference velocity profile r(z) at a driving frequency of
10Hz, 30 V DC offset, and 70 Hz Low Pass Filter. The measured LDV velocity
profile y(z) and the reference velocity profile r(¢) were offset from zero voltage.
(Inset) °>’Fe Mossbauer measurements of a 30 um a-iron foil collected at a driving
frequency of 10Hz, a 30 V DC offset, 70 Hz Low Pass Filter, and in closed loop.

Doppler drive is compared to the spectrum of the same a-iron absorber collected with
a conventional electromagnetic drive (Wissel MVT-1000, DFG-1200, MDU-1200)
in Fig. 3.8. The a-iron spectrum was first fit to six Lorentzian lines with uncon-
strained centers, widths, and heights. The linearity of our piezoelectric Doppler
drive is quantified by comparing the separations in velocity of the Mossbauer peaks
(1,2), (2,3), (4,5), (5,6) for a-iron, which should be equal from the systematics of
the nuclear Zeeman effect. Table I shows that the variations in these peak sepa-
rations, an indicator of the linearity of the drive, were within 3.5 percent. This

could be corrected by adapting the reference waveform, r(¢). Table II shows that

the full-width-at-half-maximum (FWHM) of the Mossbauer peaks obtained with
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our piezoelectric Doppler velocity drive is comparable to the peaks obtained with
the conventional electromagnetic drive. Six Lorentzian lines were fit to the a-iron
spectrum with the program Fit;o) [24], and gave an average FWHM that was 10
percent less than the results in Table II. There are, however, slight distortions in the
peaks that were sensitive to the parameters of the PID controller. These distortions
may be a limitation of performing feedback control with a strain gauge attached to

the piezoelectric stack, which is not in contact with the radiation source.
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Figure 3.8: Piezoelectric system with feedback control results in spectra comparable
to conventional system. (Top) °’Fe Mossbauer spectrum of a 30 um a-iron foil
collected with the piezoelectric Doppler velocity drive at a driving frequency of 10
Hz, a 100 V DC offset, 70 Hz Low Pass Filter, and in closed loop. (Bottom) >TFe
Mossbauer spectrum of the same 30 um a-iron foil collected with electromagnetic
Doppler velocity drive.

3.4 Discussion
Piezoelectric materials exhibit an inherent hysteresis [26, 27], that gives a non-linear

response to the driving voltage. Without feedback control, the performance of our
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Table 3.1: Linearity comparison between piezoelectric Doppler drive and electro-
magnetic Doppler drive.

Peak Separation Piezoelectric Drive Electromagnetic Drive
(mm/s) (mm/s)
1-2 2.211 2.249
2-3 2.203 2.278
4-5 2.283 2.224
5-6 2.232 2.198

Table 3.2: Peak width comparison between piezoelectric Doppler drive and elec-
tromagnetic Doppler drive.

Peak No. Piezoelectric Drive Electromagnetic Drive
FWHM (mm/s) FWHM (mm/s)
1 0.343 0.338
2 0.337 0.319
3 0.267 0.261
4 0.273 0.270
5 0.321 0.322
6 0.364 0.331

piezoelectric Doppler velocity drive was comparable to that of previous reports [ 11—
15]. Feedback control is the main advantage of our piezoelectric Doppler velocity
drive over those in previous reports because it overcomes the inherent dimensional
hysteresis of the piezoelectric material. Feedback control is known to enhance
the accuracy in positioning, and is necessary to achieve precision positioning of
piezoelectric actuators [28, 29]. Additionally, it allows for the system to correct for
changes in temperature, as the properties of piezoelectric materials are temperature
dependent. Cedrat-Technologies specifies an accuracy in position of 49 nm for their
mechanically-amplified piezoelectric actuator (APA1000L) [30]. Precise position-
ing, low operating voltage, large displacement, and fast response time of amplified
piezoelectric actuators make them suitable in a wide range of applications [31-34].

The present work demonstrates that precision velocities are also possible, at least
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in the range needed for 3’ Fe Mossbauer spectrometry, typically +10 mm/s or smaller.

A mechanically-amplified piezoelectric actuator offers a significant reduction in
mass as a Mossbauer Doppler velocity drive. For comparison, the mass of a con-
ventional Mossbauer velocity transducer (Wissel MVT-1000) is 4.5 kg. The mass
of a piezoelectric actuator (APA1000L) is 0.19 kg, a reduction of a factor of 20.
The mass can be reduced further by a factor of 100 with the use of a lightweight
piezoelectric bender actuator (1.7 g). A bender actuator is currently being investi-
gated, but it presents challenges with torsional modes in its dynamics. Such a large
reduction in mass opens the possibility for the development of an ultraminiature
lightweight Mdossbauer spectrometer. Due to the abundance of iron in our solar
system, an ultraminiature lightweight Mdssbauer spectrometer is an ideal instru-
ment for investigating the lunar and Martian surfaces. Additionally, piezoelectric
actuators can operate in high radiation environments and have been qualified for up

to 100 krad levels [35].

The main benefits of lower mass and size are applicability and cost. A piezoelectric
drive can be useful for scientific payloads for space missions that are limited by
size, mass, and power. Cryogenic measurements with '°'Tr or other cold radiation
sources may be easier with this smaller drive. Finally, a low-cost °>’Fe Mdssbuaer

spectrometer could serve as an instrument for an undergraduate lab class.
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3.5 Conclusion

The design and optimization of a piezoelectric actuator with feedback control as a

velocity transducer for >’Fe Mossbauer spectrometry is reported. The performance

of the prototype piezoelectric Doppler velocity drive with a PID controller is nearly

identical to a conventional electromagnetic Doppler velocity drive, and further

improvements are possible. Compared to electromagnetic drives, piezoelectric

actuators have significantly reduced size, mass, and cost.
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Chapter 4

THE PRESSURE INDUCED INVAR EFFECT IN FEssNly5: AN
EXPERIMENTAL STUDY WITH NUCLEAR RESONANT
SCATTERING

4.1 Introduction

Invar effect

The fcc alloy FegsNisg exhibits the classic Invar effect, where its thermal expansion
is nearly zero at ambient conditions. In 1920, Charles-Edouard Guillaume was
awarded the Nobel Prize “in recognition of the service he has rendered to precision
measurements in Physics by his discovery of anomalies in nickel steel alloys.” [1-3].
Invar alloys of FegsNizg have long been used for precision instruments and devices

that maintain their dimensional stability over a range of temperatures [4].

Guillaume found that the Invar effect was lost for non-magnetic states of the ma-
terial, and understood that there was a role for magnetism in thermal expansion
to counteract the expected positive thermal expansion of the alloy. Recently, the
phonon and magnetic contributions to thermal expansion in Invar were isolated, and
shown to cancel [5]. Furthermore, interactions between spins and phonons were
shown to extend the range of pressures for near-zero thermal expansion in FegsNiss
from O to 3 GPa (the Curie pressure was reported to be 4.6 GPa). Invar behavior
has been reported in other systems such as Fe-Pt, Fe-Co, Ni-Mn and hcp Gd [6-14].

Many amorphous materials containing iron show Invar anomalies at ambient pres-
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sure. Ref. [4, 15-19] provides a thorough review of experimental and theoretical

work on the Invar problem.

Both lattice dynamics and magnetism are changed with pressure. Under pressure,
it was reported that Invar behavior develops in Fes5Nigs, FeygNigg, and Pd3Fe [20—
22], and effects of pressure on materials with the ambient Invar effect have been

investigated in numerous previous studies [23—40].

Here we present a study of the pressure-induced Invar effect in Fes5Nigs, first
reported in 2001 [20]. By comparing X-ray lattice parameters from samples in a
diamond-anvil cell at two temperatures, we found an anomalous thermal expansion
occurring at pressures between 7 and 13 GPa. Nuclear forward scattering (NFS)
showed that a Curie transition in FessNigs occurs at 13 GPa, so there should be an
increase in spin disorder and magnetic entropy just below this pressure. Nuclear
resonant inelastic X-ray scattering (NRIXS) was used to measure the phonon density
of states (DOS) of 3’Fe atoms. The NRIXS spectra showed an arrest in the increase
of longitudinal phonon modes between 7 and 13 GPa, but the average phonon
entropy decreased as the frequencies of other phonons increased with pressure. The
decrease of phonon entropy counteracted precisely the pressure-dependence of the
magnetic entropy, which increased from spin disorder as the Curie transition was
approached. A Maxwell relation shows that magnetism and phonons therefore have
cancelling contributions to thermal expansion near 10 GPa. The behavior is similar
to what was observed below the Curie pressure in FegsNiszs [S] at pressures to 3

GPa. The arrest of the longitudinal phonon frequencies is interpreted as evidence
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of spin-phonon interactions.

Thermophysics of Thermal Expansion
The fractional change in volume V' with temperature 7 is the volume coefficient of

thermal expansion, S:

1 (0V
o= ), b

The phonon and spin contributions to the thermal expansion can be found experi-

mentally by use of a thermodynamic Maxwell relation [5]

ov oS
] == 4.2
(aT)p (aP)T’ 2
so B can expressed as
1(0S
= - (2 4,
p=-75). @

The entropy is dominated by vibrational and magnetic degrees of freedom. (The

pressure dependence of the electronic contribution was found to be negligible [5].)

1 [(8Spm 3Smag
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The contribution of phonons is measured through nuclear resonant inelastic X-ray

scattering (NRIXS), while the contribution of spins is measured through nuclear

forward scattering (NFS).

Elinvar Effect
In additon to the Invar effect, Charles-Edouard Guillaume discovered that the elastic

modulus had little variation with temperature for fcc alloys of FessNigs [1-3].
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These alloys, named “Elinvar,” are used in many applications requiring elastic
stability over a broad range of temperatures, such as springs and tuning forks [4].
For most materials, elastic constants generally decrease with temperature owing to
vibrational anharmonicity, and such a contribution is expected in Elinvar, too. The
elastic stability of Elinvar with temperature may be caused by an opposing effect
from the change of magnetism with temperature, but there is no universal agreement

on the fundamental mechanism responsible for the Elinvar effect.

Thermophysics of Bulk Modulus

The pressure is the response of the free energy to a change in volume

oF
),

Equation 4.5 gives a thermodynamic relation for the bulk modulus of Eq. 4.12 by

using the Helmholtz free energy F =U - TS

O*F

Br = V|— 4.6

T (6V2)T (4.6)
2 2

Br =V G_U -VT 6_S “4.7)
vz, vz,

where U is the internal energy, T is temperature, and S is entropy. The B7 should

be the same for either positive or negative changes in V, if the changes are small.

The temperature derivative of Eq. 4.7 gives the temperature dependence of the bulk

modulus. The first term on the right-hand-side does not depend on temperature, so

OBr _ _V(a25)
T

a7 - Vigwe (4.8)

We show that the Elinvar behavior occurs at low pressures, but the NRIXS and NFS

measurements were not sufficiently precise to pinpoint its thermodynamic origins.
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4.2 Experimental

Sample preparation

The FessNiys alloy was prepared by arc-melting high-purity Ni (99.99%) and en-
riched 95.73% >’Fe (from Isoflex) under an argon atmosphere. (The intensities of
NRIXS and NFS spectra are increased by enriching with the >’Fe isotope, which
has a natural abundance of only 2.2%.) Foil samples of 15-20 um thickness were
prepared by cold-rolling the arc-melted ingots, and subsequently annealing at 600°C
for 12 hours in vacuum-sealed quartz ampoules. X-ray diffractometry (XRD) was

used to confirm the fcc crystal structure of FessNiys.

Pieces of approximately 50x50 pym square were cut from the samples and loaded
into diamond anvil cells (DACs) for in-situ experiments with NRIXS, NFS, and
XRD. The DACs, symmetric-type and panoramic cells, were loaded with pressure
transmitting helium using the COMPRES-GSECARS gas loading system (Rivers) as
the pressure medium to better ensure hydrostatic pressures at the sample. Beryllium
gaskets were used for NRIXS and NFS to minimize the absorption of X-ray and
vy-ray signals emitted from the samples. Holes were drilled in the Be gaskets by
laser micromachining system to create a sample chamber, using facilities at sector 16
(High-Pressure Collaborative Access Team) of the Advanced Photon Source (APS)
[41]. To determine the pressure inside the sample chamber, two ruby spheres were
placed near the sample, and a Raman spectrometer was used to measure and analyze
their optical fluorescence spectra. The pressure reported is the average of the two

ruby spheres.
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Synchrotron measurements

The small size of the X-ray beam at the APS allows for measurements on small
samples under controlled pressures in DACs. XRD patterns at multiple pressures
were measured at beamline 16-BMD (HPCAT) of the APS. The symmetric-type
DACs with samples loaded were placed directly in the beam path for measurements
at room temperature (RT=~295 K) and in a heating block for measurements at 392 K.
Lattice parameters were determined from the (111) diffraction peaks, which gave the
strongest intensities and most consistent peak shapes. Peak centers were determined
by fitting these peaks to Gaussian functions. FessNiss has a cubic structure, so
the unit cell volume was obtained from the lattice parameter cubed. Peak centers
were used to quantify how the unit cell volume changed with pressure, and how the

material expanded with an increase in temperature of 97 K.

The partial phonon densities of states (DOS) of °’Fe were obtained by NRIXS mea-
surements at beamline 3 ID-B of the APS at Argonne National Laboratory. The
NRIXS spectra were collected with three avalanche photodiode detectors positioned
at the side openings of the panoramic DACs, perpendicular to the incident X-ray
beam. The NRIXS spectra were acquired by scanning the energy of the incident
beam across the nuclear resonance of >’Fe at 14.41 keV [42]. The energy reso-
lution of the inelastic spectra was approximately 1.1 meV with the high-resolution
monochromator. The PHOENIX software package [43] was used to remove the reso-
nant elastic peak at 14.41 keV, subtract the background, and correct for multiphonon

scattering to get the DOS of >Fe.
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The pressure dependence of the 3’ Fe hyperfine magnetic field (HMF) of >’ FessNiys

was obtained by NFS measurements, also performed at beamline 3 ID-D of the APS.
NFS measures the time beats that arise from interferences between y-ray emissions
of different 3'Fe nuclei during their transitions from excited to ground states [42].
These time beats are superimposed on an exponential decay from the lifetime of
the excited state. The CONUSS software package [43] was used to analyze the
beat patterns by fitting with two asymmetrized Gaussians. The mean HMF at each

pressure was determined as the average of this model HMF distribution.

4.3 Results

X-Ray lattice parameter, NRIXS, and NFS
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Figure 4.1: Pressure dependence of the unit cell volume of Fe-45%Ni at RT (filled
circles) and 392 K (open circles). (Inset) Pressure dependence of the coeflicient
of thermal expansion (CTE) measured by XRD. A pressure induced Invar effect is
observed between 7 GPa and 13 GPa (shaded area).

Figure 4.1 shows the unit cell volume from X-ray lattice parameter data as a function
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of pressure and temperature. At pressures below 3 GPa, the curvature of the unit cell
volume as a function of pressure, which is inversely related to the bulk modulus, is
similar between RT and 392 K. An analysis on the curvature of the unit cell volume

as a function of pressure is shown in Fig. 4.10. At pressures between 7 GPa and 13
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Figure 4.2: Pressure dependence of the >’Fe DOS of Fe-45%Ni obtained by Phoenix
software from NRIXS measurements at RT. Vertical dashed line is fixed at the
average of the peak position of the longitudinal modes from the 9.2 GPa and 11.1
GPa DOS curves. Error bars are shown in gray.

GPa, the unit cell volume shows no detectable thermal expansion between RT and
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Figure 4.3: Pressure dependence of the time signal of FessNiys measured with NFS
at RT, with CONUSS fits (blue solid curves) to the beat patterns.

392 K. At pressures below 7 GPa and above 13 GPa, however, the volume increases

with temperature, becoming a more typical 8 = 3x109K~!. A spline interpolation

was used to determine the difference between the unit cell volume as a function of

pressure at RT and 392 K.

The NRIXS and NFS spectra were collected consecutively under the same exper-

imental conditions from the same sample. Figure 4.2 shows phonon DOS curves
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measured by NRIXS at pressures up to 24 GPa. These spectra show a general
increase in energy with increasing pressure. The vertical dashed line is a reference
that shows how there is little change in the center of the peak from longitudinal
phonon modes between 7.2 and 12.8 GPa. Pairs of phonon DOS curves, shown in

Fig. 4.6, show this same trend.

Figure 4.3 shows the NFS spectra at different pressures. Clear magnetic beat patterns
are seen at pressures below 14.9 GPa. The beats spread apart in time as the HMF is
reduced by increased pressure. Values of the HMF were obtained from the CONUSS
fits shown as the solid lines in Fig. 4.3. This trend is caused by a reduction in HMF

with pressure, which is shown in Fig. 4.4.

A. ....................
30F Ad Ak Ay

Ffrrrrrrrrrrrrrrrrrrrrr[rrrrt

I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20
P (GPa)

Figure 4.4: Pressure dependence of the HMF in FessNiys quantified from NFS with
CONUSS measured at RT.
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Phonon Entropy

The NRIXS method is an incoherent scattering that provides the phonon spectrum
of the solid projected onto the resonant 3’Fe nuclei. Contributions from the other
atoms in an alloy are not directly measured in an NRIXS spectrum, and this might
be a concern in obtaining a thermodynamic vibrational entropy from an alloy if

the other elements differed in their vibrational spectra. Fortunately, a prior study
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Figure 4.5: Pressure dependence of the vibrational entropy (squares), magnetic
entropy (triangles), and their sum (circles) obtained from NRIXS and NFS measured
at RT. The shading marks the pressure induced Invar region. Dashed vertical line
marks the Curie pressure. Smag and Ssum was determined with S5/, from [44]. The

mag
* k . .
Smag and Sgum  were determined with Sﬁzg from [5].

compared the inelastic spectra from NRIXS to inelastic neutron scattering spectra of
Fe-Ni alloys showed that the phonon partial DOS of Ni and Fe have the same shape

[45]. For FessNiys, the total phonon DOS is therefore the same as that obtained by
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NRIXS. This was also confirmed in recent report [5] by comparing spectra from
inelastic neutron scattering and NRIXS for FegsNizg. The phonon entropy, Spp, is

then determined from the phonon DOS, g(e), as [46]

Son = 3k /O ¢()[(1+nep)n(1 +ner)

—nerlnner| de (4.9)

where € is the phonon energy, and n. r = 1/(exp(e/kgT)-1) is the Planck distribution
for phonon occupancy. Figure 4.5 shows the pressure dependence of the S,n(P)
obtained from Eq. 4.9 with the phonon DOS data of Fig. 4.2. The curve of Sp,(P)
vs. P is nearly linear. Subtle deviations from linearity are observed in the range of

7 to 13 GPa, corresponding to the range of the pressure-induced Invar effect.

Effects of Pressure on Phonon DOS Figure 4.6 show phonon DOS curves for
Fess5Niys, plotted in pairs of sequential pressure increments. Monotonic behavior of
the phonons is observed throughout most of the pressure range. However, between
the pressures of 7.2 and 12.8 GPa, the position of the peak from the longitudinal
modes remains fixed in energy. The lower part of the phonon DOS, dominate by
transverse modes, stiffens consistently with pressure, and does so in the range from

7.2 to 12.8 GPa.

Magnetic Entropy
Figure 4.4 shows the average °’Fe HMF as a function of pressure, obtained from
CONUSS fits to the NFS spectra. The HMF is proportional to the magnetic moment

of Fe atoms [47], so Fig. 4.4 shows that pressure causes the magnetization to
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Figure 4.6: °’Fe phonon DOS in FessNigs shown in pairs with pressure differences
of approximately 2 GPa. Vertical line is fixed at the average of the peak position of
the longitudinal modes from the 9.2 GPa and 11.1 GPa DOS curves.

decrease, and magnetization is lost above the Curie pressure of 13 GPa. The
magnetization M (P) and the magnetic entropy Spq, were determined from the data

of Fig. 4.4 as in [48], which used a mean-field model with spin disordering that
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corresponds to the decreasing magnetization M (P)

AT

Sna
ASmag(P) = _Tn;[(l +M(P))In (“TM(P))
+(1 = M(P))In (“TM(P)) (4.10)

This model does not include magnetic short-range order, and is therefore valid only
below the Curie temperature (7¢c). The change in magnetic entropy from RT to

TC ( SAT

mag) 18 obtained from the magnetic heat capacity, and is used to calibrate the

change in entropy below the Curie pressure in Eq. 6. It was found in previous
experimental studies on fcc Fe-Ni alloys that for concentrations greater than 44.7%-
Ni, a significant and inseparable contribution to the specific heat is caused by
heat evolution from chemical short-range ordering [44]. It was suggested that
it is impractical to extract the magnetic heat capacity from the specific heat for

Fe-Ni alloys with Ni concentrations of 44.7% or greater due to chemical short-

AT

range ordering. To obtain S,

for FessNiys, we averaged the specific heat data

for Fee1.1Nizg o and FegsoNiszz g from [44] because their heat capacities were not

AT
S mag

= 0.128 kg /atom was obtained for SA by

influenced by atomic ordering. A mag

averaging the specific heats of 38.9%-Ni and 33.8%-Ni and reducing the average

in proportion to the reduced amount of iron in our material. This 0.128 kg/atom

AT

is comparable to the value of S,

= (0.086 kp/atom reported in [5], again after
scaling their reported value for the iron concentration. The change in entropy below
the Curie pressure resulting from the decrease in magnetization as determined from

AT
Shag-

Eq. 6 is shown in Fig. 4.5, for both values of

It is known from [5, 49, 50] that the magnetic structure in Fe rich fcc Fe-Ni alloys is
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dominated by the Fe atoms, with only a minor contribution from Ni. From [50, 51]
we know that pressure has a minor influence on the alignment of the Ni magnetic
moments, and contributes minimally to the magnetic entropy. Therefore, the change
in magnetic entropy under pressure ASp,o(P) of Fig. 4.5 from NFS accounts for

nearly all the change in magnetism in FessNiys.
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Figure 4.7: Pressure dependence of the coefficient of thermal expansion (CTE) from
the individual contributions of phonons (squares), magnetism (triangles), and their
sum (circles) to Eq. 4. Shaded area represents the range of pressure induced Invar
effect. Dashed vertical line marks the Curie pressure. The B, and Bsym were
determined with Sﬁﬁg from [44]. The ,Bmag* and ﬁsum* was determined with Sﬁﬁg
from [5].

Temperature Dependence of the Normalized Magnetization The magnetiza-
tion of an Fes5Nig5 sample having a mass of 46 grams is shown in Fig. 4.8.

Measurements were performed with a vibrating sample magnetometer in a Physical
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Property Measurement System (PPMS by Quantum Design) with an applied mag-

netic field of 0.1 T from a temperature of 10 K to 400 K. Under ambient conditions,
the sample is found to be in a magnetic state equivalent to 90% of the state of
full magnetization.When considering a simple Ising model to calculate the entropy
associated with magnetic disordering, the 10% of magnetic disorder seen at RT
corresponds to 25% of the magnetic entropy that would be measured in a sample

that begins in an aligned state and becomes completely demagnetized.
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Figure 4.8: Fes5Niys temperature dependence of the magnetization from 10K to 400
K. The normalized magnetization is shown in the inset.

Hyperfine Magnetic Field Distributions The interference beats observed in nu-
clear forward scattering (NFS) arise from y-ray emissions of different >’Fe nuclei

transitioning from their excited state back to their ground state. A distribution,
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P(HMF), of hyperfine magnetic fields (HMF) can be fit to the beat patterns. The

NFS spectra were fitted with two asymmetrized Gaussians and HMF distributions

were obtained, shown in Fig. 4.9.
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Figure 4.9: Fes5Nigs HMF distribution obtained from CONUSS fits at various
pressures. The mean HMF at each pressure is shown by the vertical dashed line.
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Temperature Dependence of the Bulk Modulus

Between 0°C and 400°C, nearly constant values of Young’s modulus and shear
modulus of Fess 57Nisq 43 were reported in previous experimental studies [52]. The
bulk modulus can be expressed in terms of Young’s modulus and shear modulus

using the following equation.

EG

B=366-p

(4.11)

From the results in [52], the bulk modulus is therefore expected to remain nearly

constant with temperature at these temperatures below the Curie transition.

The isothermal bulk modulus is

oP

Br=-V (W)T (4.12)

The bulk modulus was obtained from our pressure-dependent XRD measurements
on FessNigs by analyzing the curvature of the unit cell volume as a function of
pressure at different temperatures. Results for the pressure dependence of the bulk
modulus in FessNiygs at room temperature and 392K are shown in Fig. 4.10. The
inset of Fig. 4.10 shows the difference in bulk modulus at room temperature and
392K for pressures below 5 GPa. The Elinvar effect is observed for pressures below

3 GPain F655Ni45.

Determining a second derivative with the FessNiys entropy data obtained from
NFS and NRIXS measurements was attempted and is shown in Fig. 4.11. At

pressures below 3 GPa, the temperature dependence of the bulk modulus is near
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Figure 4.10: Pressure dependence of the isothermal bulk modulus of Fe-45%Ni at
RT (blue) and 392 K (red). (Inset) Difference between the bulk modulus at RT and
392.

zero. Interestingly, the magnetic contribution undergoes a large change in sign near

10 GPa.

4.4 Discussion

Figure 4.5 shows the phonon entropy S,n(P), the change in magnetic entropy
ASmag(P), and their sum, Sg,m(P). Between the pressures of 7 and 13 GPa, Sgym(P)
is a nearly constant. This pressure range is the region of low thermal expansion
observed by synchrotron XRD under pressure (Fig. 4.1 inset). The separate con-
tributions to thermal expansion () from phonons, spins, and their sum are shown
in Fig. 4.7. Below 7 GPa, Bp,(P) is approximately +3 X 10K~ and Bmag(P)

is negligible. This is again the case for pressures greater than 13 GPa. From
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7 GPa to 13 GPa, the magnitude of Bp,(P) remains approximately constant, but
Bmag(P) increases to —3 X 103K L. This cancellation of Bpn(P) from phonons and
Bmag(P) from magnetism accounts for the low thermal expansion in the range of
the pressure-induced Invar effect. The magnetic entropy changes most rapidly with
pressure just below the Curie pressure, contributing to the thermal expansion by Eq.
4. At pressures above the Curie transition, and well below, phonons are the main

source of thermal expansion.

Figure 4.12 shows the coefficient of thermal expansion (CTE) from synchrotron XRD
measurements under pressure, compared to the CTE derived from the contributions

of phonons and magnetism from Eq. 4. The agreement between the two independent



68

methods for determining the pressure dependence of thermal expansion is good, with
the largest discrepancy being caused by uncertainty in the magnetic entropy of the

Curie transition.
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Figure 4.12: Pressure dependence of the coefficient of thermal expansion (CTE)
from the individual contributions of phonons and magnetism (circles) compared to
the measured CTE by synchrotron XRD (diamonds) Shading marks the region of
the pressure-induced Invar effect. Bnrixs+nps Was determined with SAT ' values

mag
from [44] and Brixs+Nes~ Was determined with S47, values from [5].

The phonon entropy of Fig. 4.5, Sy, is nearly monotonic with pressure. There
is an overall stiffening of the phonon DOS at all pressures, and the lower-energy
transverse modes seem unaffected by the Curie transition. Changes in the phonon
DOS near the Curie pressure, when the magnetization is changing rapidly, are an
indication of a spin-phonon interaction. Specifically, in the pressure range of 7.2

to 12.8 GPa, the position of the peak from the longitudinal modes remains nearly
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constant and does not increase with pressure. This peak is marked with the vertical
dashed line in Fig. 4.2, and Fig. 4.6 shows this by comparing pairs of phonon DOS
spectra with differences of 2 GPa in pressure. A similar behavior of the longitudinal
peak was found in FegsNiszs Invar below the Curie pressure, and computational
research showed that a spin-phonon interaction was needed to account for it [5]. A
definitive proof of a spin-phonon interaction in FessNiss cannot be made solely with

the present experimental results, however.

A comparison between the present data on FessNiys and the prior results on FegsNiss
Invar [5] highlights interesting features of Invar behavior in Fe-Ni. The pressure-
induced Invar behavior in Fes5Nig5 has a lower bound in pressure, unlike the case
for FegsNiss Invar, which begins at ambient pressure. Perhaps the key difference
between the two materials is that the Curie pressure, Pc, of 13 GPa in Fes5Niys is
higher than the Pc of 4.6 GPa in FegsNiss by nearly a factor of three. With total
magnetic entropies that are similar, the change of magnetic entropy with pressure
is spread over a range in pressure that is approximately three times wider, so the
magnetic contribution to thermal expansion should be smaller in FessNigs than in

Fe65Ni35.

With pressure, the more gradually changing 0Sm., /0 P for FessNiys is expected to be
competitive with the dSy,,/JP at pressures approaching Pc where M (P) changes
more rapidly. Indeed, the region of anomalous thermal expansion in FessNigs
extends from 7.5 GPa to nearly the Pc of 13 GPa, a range of 5.5 GPa. In contrast,

the region of Invar behavior in FegsNizs is approximately O to 3 GPa, about half
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this range. The Invar behavior in FegsNiszs does not extend to Pc because its
O0Smag /0P and 0S,,,/0P both become large between 3 and 4.6 GPa. Although
they retain their opposite signs, the cancellation of their large magnitudes is not
sufficiently precise. The magnetization decreases rapidly in a small pressure range
near Pc in FegsNiss Invar. Curiously, there is also a significant change in dSy; /0P
from spin-phonon interactions in this same range of magnetic disordering. The
evidence for spin-phonon coupling in Fes5Niys is less distinct because the spins
become disordered over a broader range of pressure, and the change in spin-phonon
coupling is, therefore, more gradual. It is not clear if the spin-phonon interaction in
FessNiys differs significantly from that in FegsNiss, but its change with pressure is

less obvious.

4.5 Conclusion

A pressure-induced Invar effect in FessNigs5 was confirmed by synchrotron XRD
measurements at RT and 392 K, where a low thermal expansion was observed from
7 GPa to 13 GPa. The contributions of phonons and magnetism to the thermal
expansion of Fess;Nis5 were determined by obtaining entropies of phonons and
spins from NRIXS and NFS measurements. From 7 GPa to 13 GPa, a rapid change
in magnetic entropy from the disordering of spins was observed, giving a thermal
expansion that opposed the more monotonic contribution of thermal expansion from
phonons. The pressure-induced Invar effect in FessNiys is a consequence of this
cancellation of the thermodynamic contributions to thermal expansion from phonons

and spins. The phonon DOS of FessNiss showed an arrest of the stiffening with
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pressure of the longitudinal phonon modes, indicative of a spin-phonon coupling.
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Chapter 5

CONCLUDING REMARKS AND OUTLOOK

This thesis begins with the development of a miniaturized piezoelectric Mossbauer
spectrometer controlled by feedback. The optimization of the piezoelectric Doppler
drive is achieved through measurements from a laser Doppler vibrometer (LDV).
Minimal distortions are observed in the Mossbauer spectra of @-iron in transmission
geometry, demonstrating that the performance of the feedback-controlled piezoelec-
tric Doppler drive closely resembles that of a conventional electromagnetic Doppler
velocity drive. The outcome of this study enables the application of Mdssbauer
spectrometry in scenarios requiring small size, mass, and cost. With iron being
the most abundant element in the solar system, the creation of a compact and
lightweight Mossbauer spectrometer is fundamental for exploring lunar and Mar-
tian surfaces. The reduction in mass by a factor of 20 between the piezoelectric
actuator’s mass (0.19 kg) used in this work and the conventional Mdssbauer velocity
transducer’s mass (4.5 kg) could potentially make the construction of an ultraminia-
ture lightweight Mossbauer spectrometer possible. However, further research and

development may be necessary to confirm this possibility.

This thesis also presents the investigation of the interaction between spins and
phonons at high pressures in the fcc alloy FessNiss. The entropic contribution to
the thermal expansion of spins and phonons is determined using nuclear forward

scattering (NFS) and nuclear resonant inelastic X-ray scattering (NRIXS) measure-
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ments. A rapid decrease in the 'Fe magnetic moment is observed between 7 GPa
and 13 GPa with NFS measurements, resulting in a sudden change in magnetic
entropy. NRIXS measurements provide the >’Fe phonon density of states (DOS),
showing a more steady change in phonon entropy. The thermal expansion contribu-
tions from spins and phonons were determined using Maxwell relations. The results
suggest that the pressure-induced Invar effect in Fes5Niys is attributed to the rapid

disordering of spins that oppose the monotonic change in phonons.

Additionally, the alloy Fes5Niys is known as "Elinvar" because it exhibits no change
in elastic constants with temperature near ambient conditions. The temperature
dependence of the bulk modulus at various pressures is determined directly from
X-ray diffraction (XRD) measurements, confirming the Elinvar behavior at low
pressures. It was demonstrated that the bulk modulus’s temperature dependence is
proportional to a second derivative of entropy with volume. From NFS and NRIXS
measurements, a second derivative of entropy with volume was determined, which
indicated that Elinvar behavior happens at low pressures. However, the results
from NFS and NRIXS measurements were not precise enough to determine its

thermodynamic origins.

5.1 Outlook

Mossbauer spectrometry is not exclusive to the >’Fe isotope; it can be utilized
with other Mossbauer active isotopes such as 19gy, BIEy, 1218p, and 161Dy. Nu-
clear resonant scattering methods are powerful tools that can be used to investigate

the pressure and temperature dependencies of thermophysical properties through
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phonons and spins. These techniques include nuclear resonant inelastic X-ray scat-
tering (NRIXS) and nuclear forward scattering (NFS), which can be combined with
diamond-anvil cells (DACs) and various temperature control methods. The potential

extension of our experimental research direction is now discussed.

Anti-Invar Effect in Fe-Ni and Fe-Mn Alloys
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Figure 5.1: Thermal expansion coefficient a/(T") for various Fe-Ni alloys. The Curie
temperature is identified by the arrows. [1]

An appropriate direction could be the experimental analysis of the anti-Invar Fe-Ni
and Fe-Mn systems [1, 2]. The anti-Invar effect is an abnormally high thermal
expansion coeflicient observed over a wide range of temperatures. This feature is

also present in y-Fe, y-Mn, and YMn; [3, 4]. However, for y-Fe its stability is
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limited between 1200 K to 1700 K [5], making high-pressure NRIXS and NFS

measurements challenging. An ideal material for these studies should preserve
structural phase stability over the temperature or pressure range of interest and
show a magnetic transition from ferromagnetic (FM) or antiferromagnetic (AFM)
to paramagnetic (PM). Fe;7oNisg fulfills these criteria and displays intriguing thermal
expansion behavior. Below the Curie transition, it has low thermal expansion, while
above the Curie transition, the expansion becomes considerably large, resembling

the anti-Invar effect [1] (see Fig. 5.1). Fe;9Mns also qualifies as a suitable candidate
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Figure 5.2: The product of the thermal expansion coefficient @ and the melting
temperature 7,, as a function of reduced temperature (7'/T,,) for Fe, Ni, Cu, Pd, Mn,
Fef,oMl’l40, and Fe70Mn30. [2]

material with thermal expansion behavior similar to Fe7oNis3p, shifting from low to
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large thermal expansion at the Néel transition [2] (see Fig. 5.2).
The interaction between phonons and spins through their magnetic transitions in
these materials could potentially provide a thermodynamic explanation for the anti-
Invar effect. The magnetic entropy should be at its maximum above the Curie or Néel
transition, which implies a possible larger role for phonons in the anti-Invar effect.
This is in contrast to the pressure-induced Invar effect, where thermal expansion is

predominantly suppressed by spins, as discussed in Chapter 4.

Thermal Expansion Anomalies in Rare-Earth Metals
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Figure 5.3: Thermal expansion coefficient a(7T) for dysprosium. Dashed line
represents the relative expansion (€). The Néel temperature is identified by the
arrow. [6]



81

Rare-earth metals such as Gd, Tb, and Dy exhibit anomalous thermal expansion
behavior [7]. Some rare-earth metal isotopes, including ’'Eu and '®'Dy, have
been utilized in synchrotron experiments as they are Mdssbauer active. The large
magnetic moments in Eu, Gd, Tb, Dy, Ho, and Er make these metals interesting
for studying phonon and spin behavior through their magnetic transitions [8]. A
previously conducted study by [6] reported large negative thermal expansion in
dysprosium, as shown in Figure 5.3. Dysprosium, with an antiferromagnetic (AFM)
nature, is ideal for '°! Dy synchrotron work since its Néel temperature of 180 Kisin a
feasible temperature range. Examining the magnetic entropy near the Néel transition
with increasing temperature or pressure would be interesting, as it is expected to

have a direct effect on thermal expansion.
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Figure 5.4: Thermal expansion coefficient a(7T) for EuO and Cu. Dot-dashed line
represents an approximate lattice contribution for EuO. [9]

EuO, a ferromagnetic (FM) semiconductor, is an intriguing material for >'Eu syn-
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chrotron experiments due to its anomalous thermal expansion. Its thermal expansion
displays an exceptional increase near its Curie temperature [9], as opposed to the typ-
ical suppression seen in iron-based Invar alloys. This makes EuO a great candidate

for exploring the relationship between spins and phonons.
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