Advanced A-ray Analysis

LECTURE 13

Dr. Teresa D. Golden
University of North Texas
Department of Chemistry



Acquisition of Diffraction Data
A. Steps in Data Acquisition

Typical steps for acquisition, treatment, and
storage of diffraction data includes:

1. Sample preparation (covered earlier)

2. Selection of instrument variables, i.e. source,
KV, mA, slits (covered earlier)

3. Data collection, i.e. range, step size, count time

4. Pattern reduction, i.e. smoothing, Kaz2 strip,
peak locate, peak correction, storage, report

5. Interpretation
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection, i.e. range, step size,
count time.

a. Choice of d-spacing range and Two Theta

A large enough number of d-spacings must
be measured to ensure complete
Identification of a material. Patterns can
contain up to 50 lines, but higher symmetry
gives less lines.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection, i.e. range, step size,
count time.

a. Choice of d-spacing range and Two Theta

Also the largest d-spacings are generally
the most useful in pattern identification and

Indexing. Itis important not to miss low
angle lines.

Important to take a survey scan first to
determine 20 range and lines of interest.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

b. Choice of Wavelength
Copper Kalpha the most popular.
Kal = 1.54060 A
Ka2 = 1.54439 A

Advancedi%ray Analysis



Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection
b. Choice of Wavelength

Table 10.3. Maximum and Minimum d-Values Measurable with Various Wavelengths

Radiation Wavelength Maximum d Minimum d
Cr Ku 2.291 65.6 [.16
Co Ka 1.790 51.3 0.91
Cu Ko 1.542 44.2 0.78
Mo Ko 0.709 20.3 0.36
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Acquisition of Diffraction Data

A. Steps in Data Acquisition
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Figure 10.3. Pattern for corundum measured with chromium, copper, and molybdenum
radiation.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

b. Choice of Wavelength

An error in d-spacing calculation is
proportional to an error in measurement of
wavelength.

To obtain an 1/1000 accuracy must either
weight average Kal and Ka2 or strip Ka2 or
measure separately.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

b. Choice of Wavelength

For lattice parameter measurements utilize
Internal standards to calibrate out errors.

If the diffraction pattern is very complex,
can collect the data using KB instead to
simplify the pattern.

\?‘:.' :
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Acquisition of Diffraction Data

A. Steps in Data Acquisition A
3. Data collection ;
b. Choice of Wavelength 2 o] W
Example: superlattices s
Two Theta (Degrees)
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Figure 14. (A) X-ray diffraction pattern of a [210]-textured
superlattice in the Pb—T1—0 system using Cu Ka radiation
as the X-ray source. The modulation wavelength was calcu-
lated as Ar = 50 nm by Faraday’s law. (B) Same as (A), except
using Cu K radiation for the X-ray source.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

During a scan — pulses are counted at each angle for

a set time. These pulses are integrated for a time
related to the RC time constant of the ratemeter.
Time constant must be matched with the scanning
speed. Too small an RC leads to noisy recording, too
large an RC leads to severe distortion of the line

profiles.
- _
Advanced -ray Analysis



Acquisition of Diffraction Data

A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

Since the ratemeter is integrating the x-ray photons

at the detector, the integration time must be
sufficient to allow a correct measure at a given angle.

General rule to establish RC:

Rc < 30 x receiving slit width (degrees)/scan speed (degrees/min)
Ex. slit width —0.2° scan speed —2°min Rc < 3.

!
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

Must translate this for a pulse stepping motor and
step scanning.

Correct procedure to select parameters:

1. Take note of average count rate of the background.

Ex. 25 c/s.
!
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

2. Calculate statistical error needed to reveal small peaks.

Ex. 10% error
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

3. Calculate ratemeter setting.

Ex. o(RM) = 100/(r x 2RC)12
o(RM) = 10 = 100/(25 x 2 x RC)/2

RC=2
Advancec%:ray Analysis



Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

4. Allowing for receiving slit used, calculate maximum scan
speed.

Ex. 0.2 slit
Rc < 30 x receiving slit width (degrees)/scan speed (degrees/min)

scan speed = (30 x 0.2)/2 = 3°/min
!
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

c. Choice of Scan Rate

Rc < 30 x receiving slit width (degrees)/scan speed (degrees/min)
scan speed = (30 x 0.2)/2 = 3°/min

In the lab: a 0.05 step size and 1 sec scan rate will translate into:
20 steps per degree = 20 sec in 3 degrees =1 minute

If unsure — scan a prominent peak
at high and low scan speeds Lt
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

d. Choice of Step Width

For step scans: the goniometer is moved In
fixed angular increments, the timer/scaler
counts for a fixed time increment when the

goniometer Is stationary.

!
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection
d. Choice of Step Width

l PHS |
| SCALER |
| TIMER

Time

Figure 10.8. Step scanning with the timer/scale (PHS = pulse height selector).
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection

d. Choice of Step Width

Timer/scaler, goniometer, and the
registering device are three separate
processes.

L
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

3. Data collection
d. Choice of Step Width

If the step size is too large, a high degree of
smoothing will decrease peak intensity and
resolution.

If the step size is too small, then too little
smoothing will give peak shifts.

Narrow peaks require smaller step sizes.

i‘!,.’? .
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Reduction includes:
-converting raw data to tables

I.e. d-spacings and intensities
(absolute intensities values are
converted to relative intensities
where the strongest line is set to

100%).

d-l list is referred to as the “reduced” pattern

IL,' 3
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Acquisition of Diffraction Data
A. Steps In Data Acquisition

19 20 21 22 23 24 25

5 8 \ ‘ b
| ' 10 B g5 SEy ”
7 b
L s PR RS AR I o
11 | | o L S e
| H 4| 6 9. | |14 15 |1 181 [ o8
— = - 1 S et -
20 30 40 50 60 70 80 90 100
100 1
80 }
>
‘0
g 60+
=
(5]
2
= 4l
3]
o a
20 ¢

30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
20 (DEGREES)

Figure 10.1. The experimental (bottom) and reduced (top) diffraction patterns of AL,O;.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
. Data collection
. Smoothing
. Background subtraction
. alpha2 stripping
. Peak location
. Two theta calibration
. Calibration and reportigg of d
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Acquisition of Diffraction Data
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Figure 11.1. Steps in the treatment of diffraction data. From R. Jenkins, Experimental pro-
cedures. In Modern Powder Diffraction (D. L. Bish and J. E. Post. eds.), p. 59, Fig. 8. Mineralogical
Society of America, Washington, DC, 1989. Reprinted by permission.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction

Computer software can be used to
treat data or can be done
manually. Different software
packages give different results.
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Acquisition of Diffraction Data

Table 11.2. Experimentally Reduced Data from Two Different
Software Programs

Lines Used User 1 User 2
Line No. (hkl) d (A) Il d (A) e
1 (012) 3.479 1 3472 43
2 (104) 2.552 90 2.547 71
3 (110) 2.379 40 2.376 34
4 (006) 2.165 1 2.162 1
5 (113) 2.085 100 2.085 96
6 (202) 1.964 2 1.962 2
74 (024) 1.740 45 1.739 52
8 (116) 1.601 80 1.602 100
9 (211) 1.546 4 1.546 5
10 (122) 1.514 6 1.511 8
11 (018) 1.510 8 1.510 11
12 (214) 1.404 30 1.510 43
13 (300) 1.374 50 1.373 13
14 (125) 1.337 2 1.336 3
15 (208) 1.276 4 .25 6
16 (10, 10) 1.239 16 1.239 26
17 (119) 1.2343 8 .23 13
18 (220) 1.1898 8 1.189 13
19 (306) 1.1600 1 1.160 2
20 (223) 1.1470 6 1.147 10
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
a. Data collection

Pattern is stored along with all
parameters.

i
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

Diffraction patterns are best reported using
d,,, and relative intensity rather than 20 and
absolute intensity.

The peak position as 20 depends on instrumental
characteristics such as wavelength.

The peak position as d,,, is an intrinsic, instrument-
Independent, material property.

Bragg’s Law is used to convert observed 20

positions to d, . ;
A
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

Diffraction patterns are best reported using
d,,, and relative intensity rather than 20 and
absolute intensity.

The absolute intensity, i.e. the number of X rays
observed in a given peak, can vary due to
Instrumental and experimental parameters.

The relative intensities of the diffraction peaks
should be instrument independent.
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Acquisition of Diffraction Data

A. Steps in Data Acquisition

Diffraction patterns are best reported using d,, and

relative intensity rather than 20 and absolute
Intensity.

To calculate relative intensity, divide the absolute intensity of
every peak by the absolute intensity of the most intense peak,
and then convert to a percentage. The most intense peak of a
phase is therefore always called the “100% peak”.

Sometimes peak areas are used rather than peak heights as a

measure of intensity.
\?‘:.' :
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Acquisition of Diffraction Data

4. Pattern reduction

v

Raw Data
Position Intensity

[°20] [cts]

25.2000 372.0000
25.2400 460.0000
25.2800 576.0000
25.3200 752.0000
25.3600 1088.0000
25.4000 1488.0000
25.4400 1892.0000
25.4800 2104.0000
25.5200 1720.0000
25.5600 1216.0000
25.6000 732.0000
25.6400 456.0000
25.6800 380.0000
25.7200 328.0000
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Reduced dI list

hkl | dyy (A) | Relative
Intensit
y (%)
{012} | 3.4935 |49.8
{104} | 2.5583 | 85.8
{110} |2.3852 | 36.1
{006} | 2.1701 1.9
{113} | 2.0903 100.0
{202} | 1.9680 1.4
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Acquisition of Diffraction Data
4. Pattern reduction - example

CaTiO3 cubic perovskite
SrTiO3 cubic perovskite
@ H SrTiO; and
C [
3 CaTiO;,
Qe
=
k%)
3
=
‘J‘fL ..... JTLL‘JL
30 35 40 45 50
What are the differences? Peak intensity and d-spacing

Peak intensities can be strongly affected by changes in electron

density due to the substitution of atoms with large differences
In Z, like Ca for Sr. X
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Acquisition of Diffraction Data

4. Pattern reduction - example

10% Y in ZrO,
A 50% Y in ZrO,

R(Y3) =0.104A
R(Zr*) = 0.079A

Intensity(Counts)

B A e e
20 (Deg)

Substitutional doping can change bond distances, reflected by a change in
unit cell lattice parameters.

The change in peak intensity due to substitution of atoms with similar Z is

much less. |
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
b. Smoothing

Counting processes introduces

random fluctuations in the raw data. These
fluctuations are partially removed by data
smoothing, i.e. 3pt or 5 pt smooth.

Take odd # of data points and average and
replace middle data point with average. Step
one increment and continue process.

17‘.'7 ;
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Acquisition of Diffraction Data

3 [z Digital data before
. B linear filter

After linear filter

Intensity ———=
4@3
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@

@ [ ]
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X ) ® Points replaced by
\;/ L average
Ye ¥
° o0
28 e

Figure 11.2. Smoothing out statistical noise with a linear digital filter. The five-point-averaged
value is indicated with an asterisk.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
b. Smoothing

If the x-ray profile is asymmetric with
intensity falling off more rapidly on the

high angle side (axial divergence), then a
linear digital filter will cause the peak
maximum to shift. Better to use a quadratic,
cubic, or higher order polynomial type filter.
(Savitzky-Golay algorithm quadratic filter).
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
c. Background subtraction

Variations in background caused by:

- scatter from the sample holder (low angles with a too
wide divergence slit)

- fluorescence from the sample

- presence of significant amounts of amorphous
material in the sample

- scatter from the sample mount substrate (thin
samples)

- air scatter (greatest effect at low two theta values)

1.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
c. Background subtraction

To differentiate peaks from the
background noise:

- 1stlinerarize the pattern to remove typical low-angle
maximum of amorphous scattering.

- 2nd determine threshold of statistically significant data.

\1‘,‘7 ;
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Acquisition of Diffraction Data
A. Steps in Data Acquisition
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Figure 11.5. Raw data linearization and threshold determination.
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
d. alpha2 stripping (not always beneficial)

Kalpha2 lines lead to distortion of
diffraction profiles, especially in the
mid angular region.

Removal of alpha2
- Rachinger technique
- Fourier technique
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
e. Peak location
Methods:
-manual

-computer — most programs use the 2"d
derivative.

Sample displacement of 10 um lead to a peak
shift of 0.001 degrees.

\1‘,‘7 ;
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
e. Peak location

Profile Fitting — used to determine shape of diffracted

line profile. Peak location methods using profile fitting

procedures are popular with many software programs

(l.e. Lorentzian function and split Pearson VII function).
More precise method for individual lines.

Rietveld technique used for whole-pattern fitting.

\1‘,‘7 ;
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Acquisition of Diffraction Data
A. Steps in Data Acquisition

4. Pattern reduction
Steps in Data Treatment
f. Two theta calibration
g. Calibration and reporting of d

(Includes calibration methods using

standards).
X :
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Acquisition of Diffraction Data

B. Use of Calibration Standards

Various types of standards are used in x-ray diffraction -
these are certified as Standard Reference Materials (SRMSs)
by NIST. These standards fall into 5 categories:

Type Use Material
1. External 20 Silicon
Standards z-Quartz
Gold
2. Internal d-spacing Primary Si (SRM 640b)
Standards Primary Fluorophlogopite (SRM 675)
Sccondary W. Ag. quartz, diamond
3. Internal Intensity Quantitative AL, O, (SRM 676)
Standards 2- and f-silicon nitride (SRM 656)
Intensity Oxide of Al. Ce, Cr, Ti, and Zn
(SRM 674a)
Respirable 2-S10, (SRM 1878a)
Quartz Cristobalite (SRM 1879a)
4. External Sensitivity AlL,O; (SRM 1976)
Standards
5. Linc profile Broadcening Lanthanum hexaboride (SRM 660)
Standards Calibration

‘Gaithersburg, MD 20899.
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Acquisition of Diffraction Data

B. Use of Calibration Standards

Various types of standards are used in x-ray diffraction -
these are certified as Standard Reference Materials (SRMSs)
by NIST. These standards fall into 5 categories:

Table 10.6. Effectiveness of Standards for the Correction of 26 Errors

Type of Standard

Use of External Internal ZBH External

Standard None (20) (20) (26) (Intensity)

Instrument No Yes Ye&s Yes (Yes)
misalignment )

Inherent No Yes Yés Yes No
aberrations

Specimen No No Yes Yes No
(ransparency

Specimen No No Yes Yes No
displacement

Instrument No No No No Yes

sensitivity
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Acquisition of Diffraction Data
B. Use of Calibration Standards

1. External 20 Standards
Typically silicon, a-quartz, and gold

Used to check for correct alignment of
diffractometer.

Peaks from the experimental and standard
pattern are measured and A20 (20,,.-26_,,.) IS
plotted vs 26.

External standard will not correct for sample
displacement errors. v
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Acquisition of Diffraction Data

B. Use of Calibration Standards

2. Internal 26 and d-spacing Standards

The ideal internal standard properties; good angular
coverage, simple pattern, stable, inert, and available in
small particle sizes.

Used to correct for instrument alignment, sample
transparency and sample displacement.

Typically Si (SRM 640b), Fluorophlogopite (SRM 675),
W, Ag, quartz, diamond.

Si (SRM 640b) is good for scans from 24° 20 and up.

Fluorophlogopite is good for low angle scans. It is a

type of mica that strongly orients in [00l]direction.
Advarnced ¥ .—ray Arnalysis



Acquisition of Diffraction Data

B. Use of Calibration Standards

3. Internal Intensity Standards

Quantitative standards of high phase purity that exhibit
minimal preferred orientation.

These standards include Al,O, (SRM 676), . and f -
silicon nitride (SRM 656), Oxides of Al, Ce, Cr, Ti, and
Zn (SRM 674a), a - SIO, (SRM 1878a), and Cristobolite
(SRM 1879a).

The oxides standard (SRM 674a) is unique in that it has
a linear range of attenuation coefficients from 126 to
2203 cm-! for CuKa radiation.

-
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Acquisition of Diffraction Data

B. Use of Calibration Standards

4. External Sensitivity Standards

This standard is used to quantify variations in

angular sensitivity between different
diffractometers.

Usually use Al,O, (SRM 1976). This is a
sintered plate of a - alumina.

\1‘,‘7 ;
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Acquisition of Diffraction Data

B. Use of Calibration Standards

5. Line Profile Standards
Used for broadening calibration

Typically Lanthanum Hexaboride (SRM 660)

Defines the instrumental broadening of the
diffractometer, since this standard is relatively
free from strain and particle size effects which
lead to broadening. Obtain the FWHM values
by use of a split Pearson VIl profile shape
function.

Can also be used for Rietveld refinement.

=
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Acquisition of Diffraction Data

C. Use of Databases

Once areduced pattern is finalized —
determination of the crystalline structure can be
done through comparison in databases.

x":,’ ‘.
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Acquisition of Diffraction Data

C. Use of Databases

History

Powder diffraction files: The task of building up a collection of known
patterns was initiated by Hanawalt, Rinn, and Fevel at the Dow Chemical
Company (1930°s). They obtained and classified diffraction data on
some 1000 substances. After this point several societies like ASTM
(1941-1969) and the JCPS began to take part (1969-1978). In 1978 it was
renamed the Int. Center for Diffraction Data (ICDD) with 300 scientists
worldwide. In 1995 the powder diffraction file (PDF) contained nearly
62,000 different diffraction patterns with 200 new being added each
year. Elements, alloys, inorganic compounds, minerals, organic
compounds, organo-metallic compounds.
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Acquisition of Diffraction Data

C. Use of Databases

History

Hanawalt: Hanawalt decided that since more than one substance can
have the same or nearly the same d value, each substance should be
characterized by it's three strongest lines (d1, d2, d3). The values of d1-
d3 are usually sufficient to characterize the pattern of an unknown and
enable the corresponding pattern in the file to be located.
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Acquisition of Diffraction Data

C. Use of Databases
ICCD: JCPDS Files

The International Centre for Diffraction Data (ICDD) maintains a
database of powder diffraction patterns, the Powder Diffraction
File (PDF).

The database includes:

d-spacings and relative intensities of observable diffraction
peaks.

Patterns may be experimentally determined, or computed based
on crystal structure and Bragg's law.

The PDF contains more than a million unigue material data sets.
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Acquisition of Diffraction Data

C. Use of Databases

ICCD: JCPDS Files

The PDF contains more than a million uniqgue material data sets.

Each data set contains diffraction, crystallographic and
bibliographic data, as well as experimental, instrument and
sampling conditions, and select physical properties in a
common standardized format.

https://www.icdd.com/

x":,’ ‘.
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Acquisition of Diffraction Data

C. Use of Databases
ICCD: JCPDS Files

{4 PDF # 461212, Wavelength = 1.540562 (A)

46-1212 Quality: * o-dl2 03

CAS Number: Aluminum Oxide

Molecular Weight: 101,96 Ref: Huang, T et al., Adv. X-Ray Anal., 33, 235 (1990)

Volume[CD]: 254.81

Dx: 3957 Dm: A

Sys: Hexagonal oy

Lattice: Rhomb-centered @ % %

S.G.: R3c (167) T E =

Cell Parameters: Z

ad758 b c 12.99 s l |

o B v : . Ly g1l ]

SS/FOM: F25=358(.0028, 25) 5.9 3.0 20 15 1.3 d (&)

|/lcor:

Rad: CuKaT d(a) Intf h k | |da) Intf h k | |da) Intf  h k |

k:?tm'_’“'ai‘-s““ﬁz 34797 45 0 1 2 |15150 2 122 |11897 2 220

d‘_e'_-d.ﬂ et 25508 100 1 0 4 [1.5110 14 01 8 |1.1600 1 30686

Sp: Cactome™el 23794 21 11 0 (14045 23 2 1 4 [1.1472 3 223

Mineral Name: 2.1654 2 00 6 |1.3737 27 300 |1.1386 <1 1 31

Corundum, syn 2.0853 66 1 1 3 [1.3359 1 1 2 5 [1.1256 2 312
1.9543 1 20 2 [1.2755 2 208 |1.1241 3 128
1.7400 34 02 4 |1.2391 239 1 010 |1.0990 9 0 210
1.6015 89 1 1 6 |1.2343 12 119
1.5466 1 211|119 1 217
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Acquisition of Diffraction Data
JCPDS Card

Quality of data

® ® ® ® l
5-628 I l
d 2.82 1.99 163 3.26 NaCl
/5 | 100 55 15 13 Sodwm Chloride (Halite)

Rad. CuKay 4 15405 Filter Ni  Dia. dA |75 | bkl dA | 27| hki
Cut off UL Diffractometer L/ cor 3258 13] 111
G)— Ref. Swanson and Fuyat, NBS Circular 539, Vol 2, 41 2821 |100] 200
( 1953) 1994 55| 220
7 1"
Sys. Cubic SG. Fm3m (225) 1628 15| 222
L) 5.6402 bQ G A C 1:‘10 6 400
Ref. Ibdid 1.261 11| 420
e nwg 1.542 e) Si gn 11515 7| 622
Ok LL 0 mp Coler Colorless 1.0855 1l sn
Ref. Ibid 0.9969 2| 440
0.9533 1] 531
An ACS reagent grade sample recrystallized twice from 0.9401 3| 600
hydrochloric acd 08917 &1 620
(®) = X-ray pattern at 26°C 0.85601 1] 533
Merck Index, B8th Ed., p. 956 0.8503 3| 622
Halite - galena - periclase group 0.8141 2| Wi

X
&

1.file number 2.three strongest lines 3.lowest-angle line 4.chemical
formula and name 5.data on diffraction method used 6.crystallographic
data 7.optical and other data 8.data on specimen 9.data on diffraction pattern.
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Acquisition of Diffraction Data

C. Use of Databases

There are a wide range of tools to help in
solving crystal structures and identifying our
samples. So we will discuss the use of various
databases and software for our diffraction data
In another lecture.

Next lecture — expand on phase identification.
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Reading Assignment:

Read Chapter 3-7, 9-11 and 13 from:.
-Introduction to X-ray powder
Diffractometry by Jenkins and Synder

Read Chapter 3, 4, 6, 13, and 14 from
-Elements of X-ray Diffraction
by Cullity and Stock

Read Chapter 2 from Norton

Exam 2 — Oct 315t - Lectures 7-12
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