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Chapter 2

Experimental techniques

In this chapter, a brief description is given of the experimental methods and instruments used

in the characterization of the samples in this thesis. All the experiments were performed in our

laboratories except for neutron diffraction, which was carried out at the Hahn-Meitner-Institut (HMI)

in Berlin.

2.1. Single crystal preparation

2.1.1. Feed rod preparation

The single crystals examined in this thesis were grown from feed rods consisting of high-density

polycrystalline material. The preparation of these polycrystalline precursor materials was generally

carried out using solid state reaction. In this method, the stoichiometric raw materials were mixed

and sintered at high temperature for several hours with intermediate grinding. A controlled atmo-

sphere was required in some cases. The sintering temperature was chosen based on information

from the relevant phase diagram. It is also important to consider both the mixing process and the

grinding process, where a small, evenly distributed particle size will promote the diffusion of reac-

tants. The powder obtained after the sintering process was analyzed by X-ray diffraction to check for

impurities. Once a single-phase sample of the desired product was obtained, it was placed inside a

rubber tube (diameter∼ 7 mm, length∼ 130 mm), which was evacuated for several hours before the

powder was compressed using hydrostatic pressure at∼ 600 bar. Before compression it is important

to check that the rubber tube does not leak and that the diameter of the rod is uniform. The dense,

compressed rod is brittle and therefore care must be taken when removing the rubber from the rod.

In order to increase the density of the rod further, it was sintered at high temperature for several

hours either in a standard furnace or inside the floating zone furnace used to grow the crystals. For
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16 Experimental techniques

sintering in the floating zone furnace, the rod was moved up or down with a translation speed of

10-20 mm/h and a rotation speed of around 5 rpm.

2.1.2. Crystal growth in floating zone furnace

Figure 2.1: (a) Layout of the four-mirror optical floating zone furnace FZ-T-10000-H-VI-VP (Crystal Systems

Corp.) and (b) The schematic of traveling solvent floating zone technique.

All of the single crystals investigated in this thesis were grown using the traveling solvent floating

zone (TSFZ) method. A commercial system supplied by Crystal Systems Corp. of the type FZ-T-

10000-H-VI-VP (see Figure 2.1) was used [1]. The furnace consists of four ellipsoidal mirrors,

equipped with a halogen lamp at the center of each mirror. The radiation from the lamps is focused

at the point where the feed rod is melted, allowing crystal growth to take place. Focusing is important

because it allows the crystal growth process to proceed in stable fashion. In this model of furnace,

lamps with a maximum power of 150, 300, 500, 1000, and 1500 W can be chosen, depending on the

melting point of the sample. Lower power lamps provide a better and sharper focus, but for flexible

crystal growth lamps with a power of 1000 W or 1500 W are commonly chosen due to the wide

range of temperatures accessible (maximum ∼ 2200◦C). High temperatures are required to grow

crystals in the rare-earth manganite and vanadate systems. The principle of the TSFZ technique is

to melt a small section of the high density, uniform feed rod by the radiation of infrared light that

has been focused on the section by means of mirrors. The resulting molten (floating) zone is then

translated along the length of the feed rod by moving the mirror upwards (see Figure 2.1). The

single crystal is grown as the end of the floating zone solidifies on a seed rod, which should be a
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material with a similar crystal structure to that of the feed rod. The growth speed (movement of the

mirror) can be varied between 0.18 and 18 mm/h. Moreover, the shaft holding the feed and seed

rods can be simultaneously or separately translated at rates of 0.18-35 mm/h. In order to stabilize

the molten zone, the feed and seed rods are rotated in opposite directions at a maximum rate of 70

rpm. The temperature and volume of the molten zone is controlled by the dc-power supply of the

lamps. A Eurotherm controller allows the power to be automatically increased or decreased to the

desired set-point at a constant rate. The crystal growth process takes place inside a sealed quartz

tube. Therefore, crystal growth can be carried out in vacuum, air, pure O2, N2, and Ar, or a mixture

of these gases. The pressure of the gases can be increased to a maximum of 10 atm. A CCD camera

is installed in order to monitor the growth process on a CRT monitor. We placed an additional camera

to record and monitor the growth process remotely via the internet.

The advantages of the TSFZ method compared to other zone-melting techniques such as the

Bridgeman and Czochralski methods are the absence of any possible contamination from a crucible,

the high controllability of the process, and the large size of the single crystals obtained. However,

there are several parameters that must be considered in order to increase the degree of success of

the single crystal growth. First, the chemical properties of the material being grown are important;

the phase diagram is important to determine the expected composition of the material, as well as the

solvent. Moreover, knowledge of the phase diagram is essential to determine whether the compound

melts congruently or incongruently. Second, the feed and seed rods should both be of good quality,

free of impurities, straight and of high density. The seed rod can be taken from part of the feed rod,

can be a single crystal or polycrystalline sample from a previous synthesis, or can be a single crystal

or polycrystalline sample of a similar compound. A single-crystal seed rod is better than a polycrys-

talline one. Third, selection of the optimal growth environment is important, such as atmosphere

and pressure. Fourth, the molten zone must be controlled, including the speed of translation, rota-

tion, and heating power. Finally, the experience and patience of the crystal grower has a significant

influence.

2.2. Structural characterization

2.2.1. X-ray powder diffraction

X-ray powder diffraction (XRPD) is a fast and reliable tool for the routine identification of solid

materials and for crystal structure refinement. In laboratory systems, X-rays are generated when

high-energy electrons collide with a metal target within a sealed tube that is under vacuum. The
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source of electrons is a tungsten filament that is connected to a high voltage transformer. The wave-

length of the X-rays produced is characteristic of the metal target. The X-rays are collimated and

directed onto the sample, which has been ground to a fine powder. The diffracted beam is detected

and then processed electronically to give a count rate as a function of diffraction angle. In this

study, the XRPD measurements were carried out using Bruker D8 and Huber G670 diffractometers.

The Bruker D8 diffractometer operates using Bragg-Brentano geometry, Cu Kα radiation and an

energy-dispersive solid-state detector. This setup was used both for routine phase analysis and for

crystal structure refinement. Typical scans for phase analysis were carried out with a step-width of

0.02 degrees (2Θ) and with a counting time of 1 second per step; the data were examined using the

Powdercell software. For structural refinement typical scans were performed with a step-width of

0.02 degrees (2Θ) and a counting time of 7 seconds per step; the data were analyzed using the GSAS

software package with the EXPGUI interface [2, 3]. The Huber G670 diffractometer was used to

collect variable temperature XRPD data. This setup uses Mo Kα radiation and a G670 Guinier cam-

era comprised of a curved imaging plate as a replacement for photographic film. The linear detector

allows rapid data collection. Measurement at low temperature was performed using a closed-cycle

refrigerator system supplied by Helix Technology Corporation (8200 compressor). The diffraction

patterns cover an angular range from 0 to 100 degrees 2Θ with data at intervals of 0.005 degrees 2Θ.

An exposure time of 30 minutes was used for each measurement.

2.2.2. Single crystal X-ray diffraction (SXD)

Two single-crystal X-ray diffractometers were used: a Bruker AXS APEX and an Enraf-Nonius

CAD4. The Bruker APEX is a 3-circle diffractometer operating with Mo Kα radiation and equipped

with a CCD detector. The three circles refer to the three angles χ , φ and ω that define the relationship

between the crystal lattice plane, the incident beam and the detector. The sample is mounted on a

thin glass fiber that is attached to a brass pin and mounted on a goniometer head. Adjustment of the

goniometer head in the X, Y and Z orthogonal directions allows centering of the crystal in the X-ray

beam. The diffraction data were analyzed using the SHELXL package for least-squares refinements

and the PLATON package for checking the structural solution. The measurements and data analysis

were carried out by Auke Meetsma. The Enraf- Nonius CAD4 diffractometer was routinely used to

orient single crystals for various physical measurements. This 4-circle diffractometer operates with

Mo Kα radiation and a scintillation detector. This point detector measures just a single reflection at

a time, hence data collection for structural refinement normally takes several days with this setup,

much longer than with the Bruker APEX. However, for the orientation of a crystal 25 reflections

were sufficient, requiring a measurement time of only 2 hours.
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2.3. Measurement of physical properties

2.3.1. Magnetization measurements

All of the magnetization measurements described in this thesis were performed using a Quantum

Design MPMS7 magnetometer. This system is equipped with a SQUID (superconducting quantum

interference device), which is a very sensitive device for measuring magnetic fields and is based on

superconducting loops containing Josephson junctions. The basic components of a SQUID magne-

tometer typically consist of the following: a superconducting magnet, a superconducting detection

coil (pick-up coil), a SQUID and a superconducting magnetic shield. The magnetic signal of the

sample is obtained via the superconducting pick-up coil which is connected to the SQUID device,

located away from the sample in a liquid helium bath. This device acts as a magnetic flux-to-voltage

converter. When the sample is moved up and down it produces an alternating magnetic flux in the

pick-up coil which leads to an alternating output voltage in the SQUID device. This voltage is then

amplified and read out by the magnetometer electronics. The output signal is proportional to the

magnetic moment of the sample which can be magnetized by a magnetic field produced by the su-

perconducting magnet. The MPMS7 operates at temperatures between 2 and 400K and at magnetic

fields of up to 7 T. The sensitivity of the magnetometer is 10−7 emu in reciprocating sample oscilla-

tion mode. The sample was inserted into a gelatin capsule, which has a weak diamagnetic signal. In

order to avoid movement of the sample during the measurement, the capsule was filled with cotton.

For samples with a strong magnetic moment such as TbMnO3, GE varnish was used to glue the

sample to the capsule. The capsule was then placed in a plastic straw and attached to the MPMS

sample probe using tape. It is important to check that the straw is attached properly so that it does

not break loose during the measurement. The samples were measured in a particular magnetic field

after cooling either in the absence of a magnetic field (zero-field cooled, ZFC) or in the measurement

field (field-cooled, FC).

2.3.2. Capacitance measurements

Capacitance is the ability to store electrical charge. The capacitance of a sample is the amount

of charge (Q) that can be stored divided by the applied voltage (V).

C =
Q
V

(2.1)

The SI unit of capacitance is the farad, which corresponds to the storage of one coulomb of

charge when one volt is applied across the plates of the capacitor. The capacitance in parallel ge-

ometry is defined as C = ε0 ε(A/d), where ε0 is the permittivity of a vacuum (8.85×10−12 F/m) , ε
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is the dielectric constant, A is the area of the capacitor and d is the separation distance between the

two conductive electrode plates. The dielectric constant is dimensionless. The capacitance measure-

ments were performed using a capacitance bridge (Andeen -Hagerling 2500 A) at a frequency of 1

kHz and using an Agilent LCR Meter 4284A for frequencies between 20 Hz and 1 MHz. The sample

was attached to a home-made probe which contains four triax connectors on the flange, connected to

stainless-steel coaxial wires below the flange. The inner parts of the triax connectors are connected

to the sample holder at the bottom of the probe, whereas the shields of the triax connectors are con-

nected to a copper block at the bottom of the sample holder. This probe is inserted into a Quantum

Design PPMS (Physical Properties Measurement System) model 6000. The PPMS can be operated

at temperatures between 1.8 K and 375 K and at magnetic fields between -9T and 9T. A LabView

program was developed to control the measurement and collect the data.

2.3.3. Pyroelectric current measurements

Pyroelectricity is the ability of certain materials to generate an electrical current in response to a

change in temperature. The pyroelectric effect occurs in certain classes of materials that have polar

point-group symmetry. Only 10 of the 32 point groups are polar: the triclinic group 1, the monoclinic

groups 2 and m, the orthorhombic group mm2, the trigonal groups 3 and 3m, the tetragonal groups

4 and 4mm, and the hexagonal groups 6 and 6mm [4]. In an ionic pyroelectric crystal, the positions

of the ions shift with changing temperature, giving rise to the generation of a net dipole moment and

a polarization current within the lattice. When the temperature stops changing and reaches a steady

state, the ionic shifts stop and the polarization current becomes zero. In general, a pyroelectric

material has many domains in which the spontaneous polarizations are randomly oriented. The

application of an external electric field above the Curie temperature, followed by cooling to low

temperature, can align the net dipole moments of these individual domains along a preferred polar

axis, a process known as poling. The surface of the poled material develops a polarization charge

that is temperature dependent. If electrodes are applied to the surface, this charge can be detected as

current. This current is proportional to the rate of change of temperature:

I = p(T )A∂T/∂ t (2.2)

Here, I is the current, A is the the surface area of the electrodes on the sample, ∂T/∂ t is the

rate of change of temperature with respect to time, and p(T) is defined as the pyroelectric coeffi-

cient at temperature T [5]. The pyroelectric coefficient is also defined as the rate of change of the

spontaneous polarization vector with respect to temperature:

p(T ) =
∂Ps
∂T

(2.3)
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If we combine equations 2.1 and 2.2 we obtain:

Ps =
∫ I

A
∂ t (2.4)

Therefore, by integrating the current density (I/A) with respect to time, the spontaneous polar-

ization (Ps) can be determined.

We used a Keithley 387 electrometer to pole the samples and a Keithley 6517 A electrometer to

measure the pyroelectric current. A LabView program was developed to control the experimental

parameters and to collect the data. The set-up and sample preparation were the same as those in the

capacitance measurements. The procedure for the pyroelectric current measurements was as follows.

First, the sample was poled from a temperature above the transition at which it becomes pyroelectric

or polar to the temperature from which the measurement was started. For magnetoelectric materials

a magnetic field was applied together with the electric field in order to obtain a single-domain state at

low temperature. The electric field was then removed and the top and bottom electrodes were shorted

in order to remove the surface charge built up during the poling process. The sample was heated

at a well-defined rate. The spontaneous polarization was obtained by integrating the pyroelectric

current with respect to time. The spontaneous polarization vanishes above the pyroelectric transition

temperature.

2.4. Single crystal neutron diffraction

Neutron diffraction is used to determine both the crystal and magnetic structures of materials.

In principle this technique is analogous to X-ray diffraction but neutrons interact with matter in a

different fashion. X-rays interact with the electron cloud surrounding each atom, hence stronger

diffraction is obtained for atoms with large atomic number (Z) than with small Z. In contrast, neu-

trons interact with the nucleus and there is no systematic dependence of the interaction on Z. The

two techniques give complementary structural information. An additional property of neutrons is

that they carry a spin, and therefore interact with magnetic moments, including those arising from

unpaired electrons in magnetic materials. Consequently, neutron diffraction can be used to deter-

mine the magnetic structure of a material. Single crystal neutron diffraction experiments were car-

ried out at the Berlin Neutron Scattering Center (BENSC) using the double-axis E4 instrument. This

instrument uses pyrolitic graphite monochromator crystals (oriented along 002) giving a neutron

wavelength of 0.244 nm. The detector is a single tube filled with 3He gas. For measurements in zero

magnetic field the sample was wrapped in aluminum foil and placed in a standard orange cryostat.

The aluminum foil gave rise to extra reflections, which sometimes overlapped with magnetic reflec-

tions from the sample. For measurements under magnetic field, a horizontal magnet cryostat (HM1,
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manufactured by RMC Cryosystems) was used. This cryostat can operate in the temperature range

1.5 K to 300 K and at magnetic fields of up to 6T applied in the horizontal plane. The crystal was

oriented before mounting in the cryomagnet so that the field could be applied along the b-axis. The

main difficulty in this experiment was to find the magnetic reflections of interest; large volumes of

reciprocal space were blocked by the magnet and the tilt of the cryomagnet was limited to only a

few degrees out of the horizontal plane. Data analysis was carried out using the LAMP program [6].
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