Chapter 2

Physical Methods for
Characterizing Solids
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X-ray diffraction

X-rays were discovered by Wilhelm Rontgen, a German physicist in 1895.

To generate x-rays, three things are needed.

ea source of electrons

*a means of accelerating the electrons at high speeds =
ea target material to receive the impact of the electrons and interact with them
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Monochromatic radiation (single wavelength or a narrow range of
wavelengths) is required for X-ray diffraction.

*Typically, the K, line is selected and the K; line is filtered out by
using a thin metal foil of the adjacent (Z-1) element. (nickel filters

K; line of copper)

*A monochromatic beam of X-rays can also be selected by
reflecting from a plane of a single crystal.
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The observed intensity / is given by:

I'=1,e™ \where p is a linear absorption
coefficient and t is the path length through

which the X-rays are moving.
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Diffraction of X-rays
Max von Laue used a crystal of copper sulfate
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as the diffraction grating (Nobel Prize 1914).

Crystalline solids consist of regular
arrays of atoms, ion, or molecules
with interatomic spacing on the order
of 100 pmor 1 A.

eThe wavelength of the incident light
has to be on the same order as the
spacing of the atoms.

eW.H. and W.L. Bragg determined
crystal structures of NaCl, KCl, ZnS,
CaF,, CaCO3;, C (diamond).

eReflection of X-rays only occurs when
the conditions for constructive
interference are fulfilled.

AN AN AN AN VL
vV V'V |
VvV
Destructive Constructive
Interference Interference

X-ray source
~ Incident X-rays

X-ray detector

Reflected X»%
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Difference in path length = BC + C.D
BC = CD = dsind
Difference in path length = 2d,sin0;,

Must be an integral number of
wavelengths, nA = 2d,,,sind,,

(n=1,23,..)
)\ = Zdhk/S|n9
Bragg Equation



Powder Diffraction

A powder may be composed of many small and finely ground
crystals, known as crystallites.

eThese crystallites are (assumed to be) randomly oriented to one
another.

oIf the powder is placed in the path of a monochromatic X-ray beam,
diffraction will occur from the planes in those crystallites that are
oriented at the correct angle to fulfill the Bragg condition.

oThe diffracted beams make an angle of 26 with the incident beam.
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Single Crystal

Polycrystalline Powder

In the Debye-Scherrer photographic method, a film was wrapped
around the inside of a X-ray camera.
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The powder, sealed in a glass capillary tube, diffracts the X-rays
(Bragg's law) to produce cones of diffracted beams. These cones
intersect a strip of photographic film located in the cylindrical camera
to produce a characteristic set of arcs on the film. The film can be
removed and examined. Using the radius of the camera and the
distance along the film from the center, the Bragg angle 26 and
therefore the d-spacing for each reflection can be calculated.



Modern X-ray Diffractometer

-use a scintillation or CCD detector to
record the angles and intensities of
the diffracted beams.

-the resolution obtained by a L
diffractometer is better than "
photographic film, since the sample A
helps refocus the X-ray beam.

Receiving

Secondary
Monochromator

-intensity is more readily measured
and digitally stored.
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Indexing the peaks

Which planes are responsible for each reflection?
-need to index the reflections (assign the correct hk/)
-difficulty may range from simple to extremely difficult

The planes giving rise to the smallest Bragg angle will have the largest
d-spacing.

-consider a primitive cubic system, with the 100 planes having the
largest separation (the 010 and 001 planes also reflect at this position)

Bragg's Law For a cubic system
i 1 W+kP+r
A =2d sin(0) FE iR

a 2asin(6) e
d,. = A= o . ~ , .
Ikl \/(hz PPERAEN n—> \/(h2+k2+lz) > sin (6’)-—4(12 (h"+k"+17)




For a primitive cubic class,
all integral values of the
indices h, k, and /| are

possible.

hkl h? + k2 + 2

100 1
110 2
11 3
200 4
210 5
211 6
220 8
300, 221 9

2
sin’ (@) :—2(}12 +E2+1%)
4a

Note that the value 7 is missing in the
sequence, since there is no possible
integral value that h2 + k2 + 2= 7

If the intensity of diffraction of the
pattern is plotted against sin2(0), one
would obtain equally spaced lines with
the 7th, 15th, 23, etc. missing.

-it is easy to identify a primitive cubic
system and (by inspection) assign
indices to each of the reflections.

-the cubic unit cell dimension « can be

obtained from any of the indexed
reflections.

-since the experimental error is
relatively constant, the reflection with
the largest Bragg angle is chosen to
minimize error in the lattice parameter
calculation (or perform least squares on
all reflections).

Absences due to lattice centering

The pattern of observed lines for the two other cubic crystalline
systems, body-centered and face-centered is different from primitive.

The differences arise because the centering leads to destructive
interference for some reflections and the missing reflections are known

as systematic absences.
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200 planes of two face
centered unit cells.

If a is the cell
dimension, the
planes have a

spacing a/2.

4

[he 100 reflection from an F-centred cubic lattice.

K

The reflection from
the 200 plane is
exactly out of phase
with the 100
reflection and
destructive
interference occurs
and no 100 reflection
is observed.

N

-furthermore, in
order for a reflection
to be observed for
fcc, the hkl indices
must be all odd or all
even.
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A similar analysis of the bcc system would find that the sum of
the reflections must be even (h+k+/ = 2n)

-these absences apply to all crystal systems, not just cubic.

Allowed list of h2 + k2 + |2 for cubic crystals
Forbidden numbers  Primitive, P Face Centered, F  Body Centered, | Corresponding hk/

1 100
2 2 110
3 3 111
If the observed
4 4 4 200 o
s 210 sin?(0) follows
. . 11 in a ratio of 1,
, 2,3,4,5,6, 8_, e
8 8 8 220 thleln tl?i L;nlt
9 221, 300 Ce. I.St.l eyb.
0 0 10 primitive cubic.
1 11 311 -the common
12 12 12 222 factor is 12/4a2
13 320
14 14 321
15
16 16 16 400
Indexing Example - SrTiO;
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Powder X-ray diffractometer equipped with a copper X-ray source.
-copper sources emit X-rays with a wavelength, » = 1.5406 A.



Using Bragg’s Law, A = 2d,,,sin6

Look for a common factor, Z, which
can be divided into each value to
give an integer quotient. Let Z =
0.0654 in this example.

Peak # 26 (°) 0(°) d(A) Peak# | 20(°) 0(%) d(A) va | ez
1 2272 11.36 3.910 1 2272 11.36 3910 | 0.0654 1
2 32.56 16.28 2.765 2 32.56 16.28 2765 | 0.1308 2
3 39.90 19.95 2.257 3 39.90 19.95 2257 | 0.1963 3
4 46.41 23.20 1.955 4 46.41 23.20 1955 | 02616 4
5 5227 26.14 1.749 5 5227 26.14 1749 | 03269 5
6 57.71 28.36 1.596 6 57.71 28.85 1596 | 03926 6
7 67.73 33.86 1.382 7 67.73 33.86 1382 | 05236 8
8 72.46 36.23 1.303 8 72.46 36.23 1303 | 05917 9
9 77.07 38.54 1.236 9 77.07 38.54 1236 | 0.6546 10
10 81.60 40.80 1.179 10 81.60 40.80 1179 | 0.7194 11

Note that in this example, we obtain all integers and all the
quotients are integers that indicate a primitive unit cell.

Assignment of Miller indices

Peak# | 20(°) 0(°) d(A) e | ez | h | k|1
1 2272 11.36 3910 | 0.0654 1 1]1ofo
2 32.56 16.28 2765 | 0.1308 2 1|l1]o
3 39.90 19.95 2257 | 0.1963 3 11|
4 46.41 23.20 1955 | 02616 4 20010
5 5227 26.14 1749 | 0.3269 5 20110
6 57.71 28.85 1596 | 0.3926 6 201 |1
7 67.73 33.86 1382 | 05236 8 20210
8 72.46 36.23 1303 | 0.5917 9 3100

2021
9 77.07 38.54 1236 | 0.6546 10 3010
10 81.60 40.80 1179 | 0.7194 11 3011

The (300) and (221) peaks fall at the same location, both give h2

A=

2asin(6)

(W +k*+1%)

+k>+ P =09.

The lattice parameter, a, is 3.91 A
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Diffractometer equipped with a copper X-ray source.
-copper sources emit X-rays with a wavelength, » = 1.5406 A.

Systematic absences

Symmetry element
Primitive lattice P
Body-centered lattice |

Face-centered lattice A

B

C
Face-centered lattice F
twofold screw, 2, along a
fourfold screw, 4, along a
sixfold screw, 65 along c

threefold screw, 3,, 3, along ¢
sixfold screw, 6,, 6, along a
fourfold screw, 4,, 4;along a
sixfold screw, 6,, 65 along c
Glide plane perpendicularto 5
Translation a/2 (a glide)
Translation ¢/2 (c glide)
b/2 + ¢/2 (n glide)
bl4 + cl4 (d glide)

hkl
hkl
hkl
hkl
hkl
hkl
h00
h00
ool
ool
h00
h00
ool

hol
hol
hol
hol

Affected reflection Condition for reflection to be present

none
h+ k+/=even
k+1=-even
h+1=even

h+ k=even

h kI all odd or even
h =even

h =even

I divisible by 3

I divisible by 3

h divisible by 4

h divisible by 4

I divisible by 6

h =even

I =even
h+/=even

h + | divisible by 4




Systematic absences due to screw axes and glide planes
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-Translational symmetry elements N e >"
lead to a set of systematic absences o

in the hk/ reflections. o [}

-The effect of a glide plane is to o | o >»—o
introduce a plane of atoms halfway 3, 3, 3
along the unit cell in the direction of

the glide.

Pattern Indexing using Computer Software Programs
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—— DataRed
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Treor-90
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WWinPlotr
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Once the pattern is indexed, the lattice parameters can also be
determined from a least squares analysis.



Intensity(Counts)

I Mn,0;
j A J ) | BiMn,O.

Crystal system Unit Cell Volume

Cubic V=al

Tetragonal V =a%

Hexagonal V = aZcsin(60°)

Trigonal V = aZcsin(60°)

Orthorhombic V = abc

Monoclinic V = abcsin(B)

Triclinic V = abc (1- cos?a - cos?P - cos?y) + 2(cos(a) cos(B) cos(y))”

eThe volume of the unit cell can be calculated from
the lattice parameters.

oIf the density of the crystals are known, then the Density — m
mass of the contents of the unit cell can be y= v
calculated.

eFrom a knowledge of formula weight, the number of

formula units, Z, can be calculated.

eThe density can be measured using a mixture of e
liquids such that the crystals neither float nor sink. T
The density of the liquid can then be measured using ﬁ

a density bottle or equivalent technique. e

Identification of Unknowns and Phase Purity

L
15 20 25 30 35 40 45 Sample

A database from the Joint Committee for Powder Diffraction Standards
has ~412,083 entries in the Powder Diffraction File (PDF-4). A
computerized search-match program may be used to compare the d-
spacings and intensity of the recorded peaks to the database.

-powder diffraction typically has a limit of a few percent for detection of phases.

10



Following Reactions using X-ray Diffraction

Incomplete

Reaction

\

20

the diffracted beams.

25

Two-'l%oeta (deg)

35 40 45

Crystallite Size

A decrease in the crystallite size causes an increase in the width of
the diffraction.
On either side of the Bragg angle, the diffracted beam will
destructively interfere and result in a sharp peak.
The destructive interference is a result of the summation of all

\
[
N

1st heat

2nd heat

3rd heat
4th heat

Close to the Bragg angle it takes diffraction from a large humber

of planes to produce complete destructive interference.

In very small crystallites, there are not enough planes to produce
complete destructive interference, so a broadened peak is

observed.

zzzzzz

2meta
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Debye-Scherrer
CA CA
= Y 2172
Bcos@ (B, ,—B;)'“cosf

where C is the shape factor (~0.8-1.39), T is the mean size of the
crystallite thickness, A is the wavelength of the X-rays, 6 is the
Bragg angle, and B is the full-width at half-maximum (FWHM) of
the peak (radians) corrected for instrumental broadening.

*B,, and B, are the FWHMs of the sample and a standard,
respectively.

eThe standard is typically a highly crystalline sample with a
diffraction peak in a similar position to the sample.

*The method is especially useful for plate-like crystals with
specific shear planes. The peak width can give the thickness of
the crystallites perpendicular to those planes.

*Solid state reaction mixtures typically become more crystalline
on heating. The X-ray diffraction peaks will become narrower
(smaller FWHM).

eEstimate size of nanoparticles using these techniques

Rietveld Method

eFew peaks occur in the powder pattern in high symmetry crystal
systems. The peaks are typically well-resolved and it is possible to
measure their positions and intensities with accuracy, then index the
reflections and solve the structure.

eLarger and less symmetrical structures have far more peak overlap and
it is difficult to accurately extract the peak intensities.

eRietveld analysis is a technique that has been developed for
solving/refining crystal structures from powder diffraction data.

eInvolves an interpretation of the peak positions and intensities.

*The large amount of peak overlap requires analyzing the overall
line profiles, where each allowed reflection (peak) is given
convolution of a gaussian/lorentzian line shape. The peaks are
allowed to overlap to form an overall line profile.

—— Lorentzian
—— Gaussian

G(o) and Lo)
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Rietveld Method - Powder Diffraction

Rietveld method can be used to refined (‘solve’) a crystal structure.

oIt a trial structure is known, from an isostructural compound or
hypothetical model, the crystal structure may be refined.

eThe method takes a trial structure, calculates a powder diffraction profile
and compares it to the measured profile. The trial structure is modified by
changing various refinable parameters, including atomic positions, thermal
parameters, site occupancies, peak shape parameters, etc., until a best-fit
match is obtained with the measured pattern.

4000
3500 ; é
3000 ; é
2500 ; ;
Allowed Bragg 2000 £ E
reflection

Calculated profile j J
L)

500 F 1
|

1500 | . E

Intensity (arb. units)

0

Observed data g\ [ RRENR \I:HIIIH\HHIH T

i it
¢

Difference pattern 1323 33 43 53 63 73 8 93 103 113
20(9

Single Crystal X-ray Diffraction

eAccurate and rapid measurement of the position and intensity of
the hkl reflections is possible using single crystal X-ray diffraction.

eThe methods available to detect X-ray do not record all the
information about the diffracted X-ray, only the intensity. The
detectors are not sensitive to the phase of the X-rays.

eIntensity is proportional to the square of the amplitude of the
wave, thus the phase information is lost. The phase information is
related to the atomic positions in a crystal structure, but...

oIf the Bragg angles of the reflections are measured and indexed,
the size of the unit cell, information on translation symmetry
elements, and symmetry information is obtained.

*The intensities (and position) of the reflections are different and
these can be quantified using a detector, CCD plate or scmt|llat|on
counter, and recorded electronically. 3

.
¥ CCD detector
- &g <

Kappnmstat \
n
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X-rays interact with the electrons in the crystal, therefore a crystal
with more electrons with more strongly scatter X-rays.

eThe effectiveness of scattering X-rays is called the scattering factor
(or form factor) with the symbol f,.

eThe scattering factor depends on the number of electrons around
the atom, the Bragg angle 6, and the wavelength (A) of the X-rays.

eThe scattering power decreases as the Bragg angle increases.

10F T T T T T

Destructive Interference

Intuitively, you might expect a plane of atoms with larger Z to
give a more intense reflection, because the heavier an atom is, it
is better at scattering X-rays.

eHowever, there are interactions with reflected X-rays from other
planes that may produce destructive interference.

The structures may be thought of as two interlocking ccp arrays of Na* and ClI- ions.

Close packed layers of CI- lie parallel to the body diagonal. Halfway between the 111
layers, there are close packed layers of Na*.

oA reflection from a ClI- close packed layer is exactly out of phase with the Na+ layer.

14



1000

00

eSince a Cl- has 18 electrons it scatters X-rays more that a Na* with
10 electrons, the reflections will partially cancel and the intensity of

the 111 reflection will be weak.

eThe 222 layers contain the close-packed layers of Na* and Cl-, which
will be a strong reflection since the X-rays will reinforce each other.

111

222

In KClI, the reflection from the 111 layers containing K+ ions is exactly

out of phase with the reflection from the CI- close packed layers.
oK+ and CI- are isoelectronic and the scattering factors are nearly

identical, so the net effect is that the two reflections cancel and the

111 reflection appears to be absent.

*This means the first reflection is the 200, which is easy to
mistake for the 100 reflection from a primitive cubic cell with a

unit cell length half that of the actual fcc cell.

200

220

......

2000

111

200

220

311

222

nnnnn
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The resultant of the waves scattered by all the atoms in the
unit cell, in the direction of the hk/ reflection, is called the
structure factor (F,y). The structure factor depends on both
the position of each atom and its scattering factor.

For j atoms in a unit cell,
_ 27i(hx;+ky;+lz ;)
By = ije
J

where f; is the scattering factor of the jth atom and x;, y;, and z;
are its fractional coordinates.

This series can be expressed in terms of sines and cosines
(periodic nature of a wave) and is called a Fourier series.

In a crystal with a center of symmetry and n unique atoms in
the unit cell (the unique set of atoms is known as the
asymmetric unit), the above equation simplifies to:

Fyy =2> f,cos2x(hx, +ky, +1z,)
J

The electron density distribution within a crystal can be expressed using
a three-dimensional Fourier series.

p(x,y,z)= lzz ZF}’kle—2izi(hxn+lgzn+lzn)
Vo s a

where p(x,y,z) is the electron density as a position x,y,z in the
unit cell and V is the volume of the unit cell.

The electron density is a Fourier transform of the structure factors
(and vice versa). If the structure factors are known, then it is
possible to calculate the electron density distribution in the unit
(atomic positions).

The intensity of an hkl/ reflection (I,,) is proportional to the square

of the structure factor:
2
Ly < Foy

The magnitude of the structure factor (modulus)

‘F}ml‘ oC \/E
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Collected data need to undergo some routine corrections, known as
data reduction.

eThe Lorentz correction (L) relates to the geometry of the collection mode.

eThe polarization correction (p) allows the fact that a non-polarized X-ray
beam may become partially polarized on reflection from the crystal.

*An absorption correction is applied, particularly for inorganic structures,
because large Z atoms absorb some X-rays rather than scatter.

oA correction for anomalous dispersion can be made when the wavelength of
the incident X-ray is close to its absorption edge.

The corrections are applied to the scattering factor (f,) of the atom.

The structure factor (an intensity of a reflection) is dependent on both the
position of each atom and its scattering factor. Knowing the atomic positions,
one can calculate the structure factors, but with X-ray diffraction we want to do
the reverse — we measure the structure factors and from them want to calculate
the atomic positions.

-The phase problem occurs, since when we take the square root of the
intensity, we obtain the modulus of the structure factor, thus only know its
magnitude and not the sign. The phase information is lost and we need that to
calculate the electron density distribution and atomic positions.

Solving Single Crystal Structures

Modern single crystal diffractometers measure the
Bragg angle 6 and the intensity I for each hk/
reflection. Many diffractometers use a flat-plate
detector (CCD) that collects many reflections at
the same time. A full data set (>103) reflections
can be collected in a matter of hours.

Information we know about the crystal structure:

eThe size and shape of the unit cell from rotation photographs or
automatic scanning routines on the single crystal diffractometer.

sAfter indexing the reflections, examine the systematic absences of the
Bravais lattice and the translational symmetry elements of the structure to
full determine or narrow to a choice of two or three space groups.

eIntensities of indexed reflections are measured and stored in a data file.
eCorrection factors are applied to the raw intensity data.

eThe square roots of the corrected data are taken to give a set of
observed structure factors (F,,s or F,).

eIn order to calculate the electron density distribution in the unit cell, we
need both the magnitude of the structure factors and the phase.

17



Crystal structures are solved by creating a set of trial phases for the
structure factors using one of two main methods.

Patterson method: relies on the presence of at least one (not many)
heavy atoms in the unit cell and is useful for solving inorganic structures.
Direct methods: is used for crystals containing atoms with similar
scattering properties. A mathematical probability for the phase values
and electron density map of the unit cell is created to provide a starting
point in the structure solution and refining process.

After the atoms in a structure have been located, a set of structure factors,

F..c and F_, are determined for comparison with the F,,. magnitudes.
*The positions of the atoms are refined using least-squares methods.
eAtoms also vibrate about the equilibrium position and this thermal motion
depends on temperature, mass of the atom, strengths of the bonds
surrounding the atom, etc.
eThe higher the temperature, the larger the amplitude of vibration and
the electron density is spread out over a larger volume, causing the
scattering power of the atom to fall off more quickly.
*The isotropic displacement parameter, B, is a refinable parameter.
*A non-spherical displacement can be refined with an anisotropic
displacement parameter, which has six (or fewer) parameters.

The quality of the structure refinement and solution is given by
the residual index, or R factor, which relates the observed and

calculated structure factors.
D AR
IR

o
In general, a lower R value indicates a better structure determination.

-but a low R value can be an incorrect structure

-with good quality crystals, one might expect to see R below 0.05.

Low standard deviations on the atomic positions and bond lengths
calculated from the atomic positions is a better guide.

18



High Energy X-ray diffraction

Synchrotrons produce X-rays that are monochromatic and of very high
energy (short wavelengths)

In addition to conventional diffraction techniques, it enables atomic pair
distribution analysis (PDF) analyzes both the sharp and diffuse scattering,
enabling one to find bond distances and coordination numbers in materials
that are not fully crystalline.

Neutron Diffraction
Most published crystal structures have been solved using X-ray diffraction,
but neutron diffraction is an attractive alternative for certain reasons.

eThe de Broglie relationship states any beam of moving particles will
display wave properties according to the formula:

h where A is the wavelength,

ﬂ, _ " p is the momentum of the
- particles (mv), and h is o
P Planck’s constant. & ¥

by

ROTATING SHUTTER MONOCHROMATOR POSITIONS

eNeutrons are generated in AND COLLIMATORS /}w\
atomic fission from -
uranium. The neutrons - ] Sron
— s °

have high velocity and can == 11 EE“/
be slowed using heavy e h Vi
water (D,0) so that they \\\\\\\\\q 7 o T2 FOLIIATORS
have a wavelength of about 7 /A

1 A (100 pm).

*A monochromatic beam of

neutrons is created using a / IHDDH

single crystal N~ D}\
monochromator at a fixed P
angle. /
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¢A high flux of neutrons is
needed - sources are rare
but include fission
reactors at the National
Institute for Standards
and Technology (NIST)
Center for Neutron
Research in Gaithersburg,
MD; the High Flux Isotope
Reactor in Oak Ridge, TN;
and the Institute Laue-
Langevin (ILL) in
Grenoble, France.

eThe high-flux reactor at
the ILL produced 1.5x101>
neutrons per second per
cm?, with a thermal power
of 58.3 MW.

Spallation neutron sources

Neutrons may also be produced by bombarding metal targets with high

energy protons.

eSpallation neutron sources differ from conventional sources (fixed A) in
that the entire moderated beam with multiple wavelengths is used at
fixed angle and the diffraction pattern is recorded as the function of

time of flight of the neutrons.

LANSCE - LANL

ev = d/t, so the wavelength of neutrons is proportional to t: :ﬂ

dm

SNS - ORNL
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Advantages of neutron diffraction

Electrons scatter X-rays, whereas neutrons are scattered by the nucleus.

eWith X-rays, the scattering factor increases linearly with the number of
electrons around the nucleus. Heavy atoms scatter more effectively.

eSince the scattering of X-rays from different parts of the electron
cloud are not always in phase, the scattering factor decreases with
sinB/A.

eNeutron scattering factors are randomly affected by resonance
scattering, which occurs when a neutron is absorbed by the nucleus and
later released. This feature must be accounted for.

eNuclear scattering factors do not decrease with sin8/A.

eNuclei are similar in size and scattering factors are similar for nearly
all the elements.

eLow Z (light) atoms scatter as effectively as high Z (heavy) atoms.
This enables one to accurately locate atoms such as oxygen in the
presence of heavy metal atoms.

*Crystals do not absorb neutrons, so they are useful for studying
compounds that contain heavy atoms that strongly absorb X-rays.

90 -
80 H
2
@ 70
2
.5 80
G
8 50+
0
g 40+
5]
é 30 H
o 20- ol
% o N
[o]
0 T T T T ]
0 02 0.4 0.6 08 10
02 01‘ o 06 08 10 sin 6/A
sin — >
X_ray Scattering factors Neutron Scattel‘ing factors

X-ray cross section
eSimilar atoms are difficult to P ( :
distinguish using X-ray diffraction . al Q\ .
(0% and F-; Zr*+ and Nb5+), . . ® %)&A,) v -
however a neutron structure

determination may be able to .. ¢e & @

distinguish between the two.

Neutron cross section

Fig. 2. Neutron and x-ray scattering cross-sections compared. Note that
neutrons penetrate through Al much better than x rays do, yef are
strongly scattered by hydrogen.
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Neutron Diffraction — Magnetic Properties

Nuclei scatter neutrons, but there is an additional scattering of
neutrons from paramagnetic atoms.

ea neutron has spin and thus has a magnetic moment which can
interact with the magnetic moment of an atom.

ethe atomic magnetic moment is due to the alignment of the electron
spins, so this falls off with increasing Bragg angle (like X-rays).

eFerromagnetic, ferrimagnetic, and antiferromagnetic (AF) substances
have spins arranged in an ordered fashion.

eMagnetic scattering of polarized neutron beams gives rise to
magnetic Bragg peaks.

eThe structure of NiO is the same by either
X-ray or neutrons, but below 120K
additional reflections appear from magnetic
order.

eThese reflections double the unit cell in all
three directions.

*Ni layers have their magnetic moments

aligned in opposing directions (AF). —
g;ﬂ:.th“;' cell lengtha
Microscopy

Optical microscopes are inexpensive and have ease of sample preparation.
-but limited to the use of visible light (400-700 nm).

-can’t resolve images which are smaller than half the wavelength.
-Near-field scanning optical microscopy improves on the technique.

Scanning electron microscopy relies upon a finely focused beam that is
rastered across the sample.

-the electrons reflected by the surface (and emitted secondary electrons)
are detected to give a map of the surface topography.

-useful for nondestructive testing and to obtain information about the
particle size, crystal morphology, magnetic domains, and surface defects.

-A range of magnification can be achieved, with the best of ~2 nm.
-Electrically insulating sample may need to be coated with gold or graphite

to stop charge building up on the surface. Wfﬁ
Q“{,
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Transmission electron microscopy - requires a thin (~200 nm) sample
that is subjected to a high energy, high intensity beam of electrons.
eElectrons that pass through the sample are detected forming a two-
dimensional projection of the sample.

eElectrons may be elastically or inelastically scattered and the
instrument may be operated in the direct (bright field) or diffracted
beam (dark field).

eHigh resolution microscopy uses a very high potential field (106 V),
which results in very short wavelengths.

*TEM/HREM images bulk structure and can detect crystal defects,
phase boundaries, shear planes, etc.

¢A resolution of ~0.5 nm can be achieved.

Scanning transmission electron microscopy
ecombines scanning ability of SEM with high resolution of TEM.
*A small probe (10-15 nm) scans across the surface.

-&?”

Energy Dispersive X-ray Analysis (EDAX or EDX)

Similar to the creation of X-rays in an X-ray tube, elements present
in the sample emit characteristic X-rays.

esthe X-rays are separated by a Si-Li detector and amplified,
corrected for absorption, and other effect.

eTechnique works best for elements Na and heavier and
quantitative results may be obtained.

kicked-out ...
electron - -

Intensity (arb.)

ca external —\
stimulation

K Fe
ali i
1.00 2.00 3,00 4.00 S5.00 6,00 7.00 8.00 9.00 10.00 11.00

X-ray energy, keV
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X-ray Absorption Spectroscopy

In high energy accelerators, electrons are injected into an electron

storage ring (~30 m diam.).

eclectrons are accelerated around this circular path by a series of
magnets. When electrons are accelerated to high kinetic energies
(MeV) close to the speed of light, synchrotron radiation is emitted.

eSynchrotron radiation is of uniform intensity across a broad band of
wavelengths and is higher in intensity (104-10%). The shortest X-rays

are emitted as almost fully collimated, polarized beams.
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Synchrotron radiation profile at 2 GeV compared with Cu K, emission

Extended X-ray Absorption Fine Structure (EXAFS)

eX-ray is absorbed by a bound electron in a core shell (typ. K shell),

then is ejected as a photoelectron.

eThe absorption coefficient of the sample, as a function of the X-ray

frequency, shows a sharp rise (absorption edge) at the K shell
threshold energy.

or
©
[
wl
2
> M\’\/\/\
2 Te—
— .
pre-edge  edge <———" EXAFS
238 242 246
230 234 Energy/keV

‘The Rh absorption edge and EXAFS
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Extended X-ray Absorption Fine Structure (EXAFS)

eEach element has a characteristic K shell threshold energy, making it
possible to study one type of atom in the presence of many by tuning the
X-ray energy to an absorption edge.

eThe appropriate frequency of X-rays is selected using the Bragg
reflection from a single crystal, often a Si(220), sometimes a double
crystal monochromator is used.

oIf the Bragg angle is changed, a different frequency (wavelength) of X-
rays is selected, thus a wise range of absorption edges may be studied.

Si(220)

Bragg Monochromatic X-rays
angle

/ Si(220)

Broad spectrum X-rays

/

Extended X-ray Absorption Fine Structure (EXAFS)

eWaves of the ejected photoelectron can be visualized as spherical
waves emanating from the nucleus of the absorbing atom, which
encounters neighboring atoms and produces a phase shift.

eConstructive or destructive interference is observed, which produces
a net interference pattern at the nucleus of the original atom.

eAbsorption by the original atom is modified, observed as sinusoidal
oscillations or fine structure superimposed on the absorption edge.

eThe extent to which the outgoing wave is reflected by a neighboring
atom, and the intensity of the reflected wave, is partly dependent on
the scattering factor of the atom.

consiructive

interference ~
Xeray
photon elactron Reray

wave phaton VLV

 ebsorhing electron back-scatiering destructive
atom wavelengih

(1) (b) (c}

atom interference
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Extended X-ray Absorption Fine Structure (EXAFS)
The interference pattern making up the EXAFS depends on the number,
type of neighboring atoms, and their distance from the absorbing atom.

eThe EXAFS function is obtained by subtracting the absorption due to
the free atom.

oA Fourier transform of the EXAFS data gives the radial distribution
function.

eShells of neighboring atoms, known as coordination shells are obtained.
eThe radial distribution function is fitted to a series of trial structural
models, params. include number and types of atoms, distance, etc.
eDistance information is obtained, but no angular information.
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X-rays are penetrating and examine the structure of the bulk of the solid
-EXAFS provides information on the interatomic distances

-has the advantage that it can be used on amorphous solids, glasses and
liguids (non-crystalline materials)

Distance from Central 40

tron Atom (A) Time at

800°C {mins)

Follow phase changes over time with heating with EXAFS.

B-ferrosilicon forming from the a-ferrosilicon.

X-ray Absorption Near-Edge Structure (XANES)

Precise position of absorption edge varies with chemical state of the
absorbing atom, which combined with structure in the pre-edge region
can give information on the oxidation state and chemical environment.
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Solid state NMR differs from solution NMR in the fact that
dipolar interactions and anisotropic effects are averaged
out by molecular motion in solution, but not in a solid.

Solid State °C NMR

Solid State Nuclear Magnetic
Resonance Spectroscopy (MAS NMR) Souton "G R

)

NMR spectra of solids are broadened out by three main effects:

1.Magnetic dipolar interactions can be removed by the application of
a high power decoupling field at the resonance frequency.

2.Isotopes in low abundance have a long spin-lattice relaxation time
which give rise to poor signal to noise ratios. Sensitivity may be
improved using cross polarization, in which a complex pulse
sequence is used to transfer polarization from an abundant nucleus
to the dilute spin, enhancing the signal.

3.The chemical shift of a particular atom varies with the orientation
of the molecule to the field. In a solid, this gives rise to a range of
values, an effect known as the chemical shielding anisotropy, which
broadens the band. The line broadening is due to anisotropic
interactions, which have a 3co0s26-1 term. The term becomes zero

when 8 = 54.7°, the “magic angle”. Improves resolution of the |s: @g@*“rx'%

chemical shift of the spectra. Mf"/,//i»
o
B

MAS NMR is useful for most
spin I = 2 isotopes.

. - Al Al Al Al Si
eImportant in elucidating the 0 [} o 0o 0
structures of zeolites, which AIOSIOAl AIOSOSi AlO%lOSi 310%051 SI0Si0si

are silicates with Al occupying Al Al Si si Si
many of the Si sites. Si4Al)  SI(BAl)  Si(2Al)  Si(1AD)  Si(0Al)
4:0 3 2:2 1:3 0:4

*Al/Si have similar scattering
factors, so they are difficult
to distinguish from X-ray
diffraction.

1 ——
Si(0AL)

#29Sj (I=12) gives sharp lines Si{1AD
and has high natural

abundance (4.7%).

oFive different peaks
(environments) are observed
in zeolites.

e27A| (I=5/2) has 100%
natural abundance, but has
second-order quadrupolar
effects.

Si(241)

Si(3A1)

Si(4Ah
{ 1 ] 1 f ! | )
-80 ~90 - 100 -110

8(*si) (ppm)
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FIGURE 2.28 ¥Si MAS NMR spectrum at 79.6 MHz of analcite, illustrating five absorptions
characteristic of the five possible permutations of Si and Al atoms attached at the corners of
the SiO, tetrahedron as indicated

Differential Thermal Analysis (DTA)

A phase change produces either an absorption of an evolution of heat.

eThe sample is placed in one crucible, another solid that doesn’t
undergo a phase change in the other crucible.

eBoth are heated at a controlled uniform rate in a furnace, and the
difference in temperature is recorded against time.

eAny reaction in the sample will be represented as a peak in the AT.

eExothermic reactions shown an increase in T, endothermic a decrease
- the peaks appear in opposite directions.

decomposition

KNO,

temperature difference

tetragonal
to trigonal
melting
100 300 500 700

temperature/°C
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Thermogravimetric Analysis (TGA)

Sample weight is monitored as a function of time as the temperature
is increased at a controlled rate.

eMonitor loss of water of crystallization, volatiles, and decomposition.

100
decomposition

E

o

g KNO,
a®

0 v " .

100 300 500 700
temperature/°G
Example:

Potassium nitrate decomposes to form nitrogen dioxide, potassium
oxide, and oxygen.

If 0.5000 g KNOj is placed in a TGA, calculate the expected weight
percent remaining after decomposition.
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Differential Scanning Calorimetry (DSC)

Indium metal
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Temperature Programmed

eMeasures amount of
heat released by the
sample as the
temperature is
increased or
decreased at a
controlled uniform
rate.

eCan measure heats
of reaction for phase
changes.

-heat of fusion for
metallic In is shown to
the left.

Reduction (TPR)

emeasures reaction of hydrogen with a sample at various temperatures.
ecan give information of presence of different oxidation states, etc.

eTypically measured with 10% H, in N,. H, has a high electrical
conductivity, so a decrease in H, is marked by a decrease in conductivity.

eArea under the peak gives amount of hydrogen used.
eOxidation, sulfidation, and desorption may also be measured.

hydrogen uptake

Fe,0; Fe;0, Fe
0 100 200 300 400 500 600 700 800 900 1000 1300

temperature/°C
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Scanning Tunneling Microscopy (STM)
A sharp metal tip is brought sufficiently close (<1 nm) to a surface that
that electron wave functions overlap, finite probability the electron can be
found on the other side of the barrier (quantum mechanical tunneling)

eElectrons tunnel between the tip and sample, and vice-versa.
oA potential is applied and a tunneling current is measured (pA, nA).
eThe magnitude is sensitive (exponentially) to the gap.

eThe metal tip is scanned across the sample, either in constant current or
constant height feedback mode, imaging the atoms.

eThe created map features both the topography and the electronic
structure.

Atomic Force Microscopy (AFM)
AFM detects very small (nN) forces between a sharp tip and a surface,

producing a surface maps.
« Can be used on nonconductive surfaces

+ Contact mode, the deflection of tip measured, a feedback loop
maintained constant force

« Can obtain lateral information e.g. friction, hydrophobicity, but
delicate surfaces may be damaged.

* Noncontact dynamic mode (tapping or AC mode), a feedback loop
maintains a constant oscillation frequency and/or amplitude, this is
measured by cantilever deflection to generate a surface map

Flexible vibrating cantilever

Interaction force

Sample motion
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Other Characterization Techniques

Moéssbauer Spectroscopy
Electron Spectroscopies

oXPS, UVPS, AES, EELS
Low energy electron diffraction (LEED)
Vibrational Spectroscopy

eInfrared (IR) and Raman spectroscopy
Ultraviolet-Visible Spectroscopy
Capacitance Measurements
Resistivity Measurements
Magnetic Measurements
Heat Capacity Measurements

Synthelic Cryslaliine Gosthlie, RT
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