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ABSTRACT: When single crystals are probed by powder X-ray diffraction (PXRD) systems, the peak widths are smaller and
signal intensities are greater than those from powdered samples. Instead of the expected single peak, a doublet can be observed,
and undergraduate students face a big challenge explaining its origin. This activity is suitable as an inquiry-based, upper-level
undergraduate laboratory activity. Students typically engage in an extensive literature search and reading in order to understand
observed diffraction data. With a little bit of guidance from the instructor, students can learn how X-rays are generated, and which
X-rays are used in PXRD experiments. They can also learn about the electronic transitions in the target electrode leading to
characteristic X-rays and learn about the role of spin−orbit coupling.
KEYWORDS: Upper-Division Undergraduate, Analytical Chemistry, Physical Chemistry, Inquiry-Based/Discovery Learning,
Laboratory Equipment/Apparatus, X-ray Crystallography

■ INTRODUCTION

Powder X-ray diffraction (PXRD) is one of the most widely
used analytical instruments in chemistry, physics, and materials
science research and can be a very valuable tool in
undergraduate student education.1−7 However, traditional
undergraduate PXRD laboratory activities do not focus on
how X-rays are generated, filtered, or the physical theory
behind their generation. Therefore, activities that place focus on
understanding generation of characteristic X-rays can nicely
complement typical experiments that focus on the specimens or
Bragg’s law.
XRD is the experimental technique primarily used to

determine the geometrical arrangement of the atoms or
molecules within matter (crystal structure). When a crystal is
bombarded by a beam of X-rays, X-rays are scattered by
electron shells, and the angles through which the beam is
diffracted reveal the shape and dimensions of the crystal’s unit
cell. Diffraction experiments require the use of monochromatic
Kα (or very close to monochromatic) radiation. This nearly
monochromatic Kα X-rays can be selected by the use of a filter
or a monochromator. Since the wavelengths of Kα1 and Kα2 X-
rays are so close in value, they are observed as a single Kα line
when powder samples are probed. In PXRD systems, single
crystals are sometimes used as reference samples for calibration
purposes. However, single crystals have narrow diffraction
peaks that, when collected at high resolution, reveal doublets.
To understand the origin of these doublets one needs to
understand how X-rays are generated in a typical PXRD
instrument.
X-rays are generated by bombardment of a metal anode with

high-energy electrons emitted from the filament. These
electrons decelerate as they penetrate the target, generating
radiation with a continuous range of wavelengths known as
bremsstrahlung (breaking radiation). Superimposed on this
continuum are several sharp characteristic peaks, crucial for

diffraction experiments. These characteristic X-rays are
produced when high-energy electrons knock out the inner
shell electrons of the anode material. The electrons from higher
shells of the target atoms then drop down and fill the created
vacancies and, in this process, emit X-rays with well-defined
energy. For example, if a 1s electron from the K shell of copper
atom is ejected, the resulting vacancy can be filled by an
electron from the L shell (2p1/2 or 2p3/2) (I ask students why
not from 2s orbital), the M shell (3p1/2 or 3p3/2), or the N shell
(4p1/2 or 4p3/2). Subscripts 1/2 and 3/2 are the values of j, the
total angular momentum quantum number. The corresponding
X-ray lines are denoted Kα1, Kα2, Kβ1, Kβ2, Kγ1, and Kγ2. It is
important that students know how characteristic X-rays are
produced and to understand transitions leading to different Kα

lines in order to “discover” the origin of the doublets observed
from single crystals.

■ INSTRUMENT AND SAMPLES

For this activity, a PXRD system with Cu Kα radiation (λ =
0.154 nm) was employed. An Al2O3 (0001) single crystal was
used, but many other single crystals will be suitable as well.
Samples are directly mounted on the sample holder without
any prior treatment, but care must be taken to ensure that the
height of the sample is adjusted for diffraction measurements by
using an appropriate sample holder. Wide and fast scans can be
used to reveal the locations of the peak(s) and then narrow and
high-resolution scans may be used to resolve the doublets.
Samples are inexpensive, nonhazardous, and readily available.
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■ PROBING SINGLE CRYSTALS WITH PXRD

A typical X-ray diffraction measurement on a single crystal is
expected to reveal only one peak. However, Figure 1 displays
the diffraction pattern of an Al2O3(0001) single crystal. The
inset of the figure reveals doublets that are better resolved at
higher diffraction angles. Students find this diffraction pattern
rather puzzling, and they start engaging in discussions with
fellow students. Single crystals generally produce very narrow
and strong diffraction peaks that allow observation of closely
spaced Kα lines. Wide scans often allow observation of different
diffraction orders. In this activity, students are asked to perform
X-ray diffraction experiments on single crystals, to assign not so
trivial Bravais−Miller indices, to explain the origin of the
doublet, to explain how spin−orbit coupling is related to
characteristic X-ray lines, and to make sense of the observed
intensity ratio. This type of activity motivates students and
gives them a chance to develop scientific ways of thinking. At
the end of the laboratory assignment or project, if completed
correctly, students have the feeling of making a “discovery”.
Before they can “discover” the origin of the doublet from

single crystals using a typical PXRD system, students should be
first advised to learn and write about Bragg’s law and crystal
planes (Miller and/or Bravais−Miller indices), how X-rays are
generated, which X-rays are used in the PXRD experiment, how

efficiently X-rays are filtered before they strike the sample, what
causes the splitting of different K lines into doublets, and why
different K lines have different intensities (for more details,
please see Supporting Information).
When students determine the origin of the doublet, they are

asked to verify their conclusions. This can be accomplished by
using Bragg’s law and the known Kα1 and Kα2 wavelengths to
calculate the expected Bragg peak separations. For a Cu target,
the wavelengths of Kα X-ray lines are λ(Kα1) = 1.5405 Å and
λ(Kα2) = 1.5443 Å. For a Mo target, these values are λ(Kα1) =
0.70926 Å and λ(Kα2) = 0.71354 Å.8 Instructors may ask
students to think and explain why there is no 2s−1s transition,
what causes splitting of energy levels, and why one Kα (or Kβ)
line has greater intensity than the other one. This would be a
nice opportunity for instructors to have students encounter and
learn more about terms such as selection rules,9 spin−orbit
coupling,9 and transition probability.10 In this activity, f ine
structure, that is typically seen in the emission spectra, can be
observed in a PXRD experiment on single crystals. In my
experience, upper−level undergraduate students generally fail
to solve this doublet puzzle unless guided by the instructor.
Therefore, these additional questions will guide students
toward the solution of the puzzle. To ensure students’
successful completion of this activity, instructors can provide

Figure 1. Diffraction pattern of an Al2O3(0001) single crystal obtained using a PXRD system. To resolve the doublet, a narrow scan step size was set
at 0.02°. Peak separation is greater at greater values of diffraction angle (see inset).
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or recommend the adequate reading material8,11 and have
discussions with students during this assignment/lab project.

■ INQUIRY-BASED LAB ACTIVITY
Traditional or “cookbook” laboratory activities are relatively
ineffective in helping students learn and retain acquired
knowledge on important concepts. Also, these laboratories do
not help with development of analytical problem-solving skills
and scientific reasoning that graduate schools need and many
employers seek. Thus, preparing undergraduate students as
scientists remains a challenge. On the other hand, the inquiry-
based laboratory activity, where students perform experiments
and try to interpret the data in a similar way as in a real
scientific experiment, motivates them and brings an excitement
of scientific discovery into the classroom, stimulates their
curiosity, and improves their learning.12 Here, an original,
inquiry-based activity based on the use of PXRD instrument
involving single crystals, is presented. Although trivial to carry
out experimentally, the activity helps students learn about
generation of X-rays and connect Bragg peaks with electronic
transitions and spin−orbit coupling. This activity resembles
performing research in the teaching laboratory and helps
students start thinking like scientists. It can be implemented in
upper-level laboratory courses like physical chemistry, analytical
chemistry, or advanced physics lab. It was offered two times as
part of advanced Physics III lab, mostly taken by physics
students and is well suited as a physical chemistry lab. When
guided, students will not only learn about Bragg’s law but will
also learn or strengthen their knowledge of electronic
transitions, selection rules, and spin−orbit coupling.

■ CONCLUSIONS
An activity based on an atypical PXRD experiment and suited
for upper-level undergraduate students is presented as an
inquiry-based lab. The activity is straightforward to conduct,
but the observations are challenging to interpret and will spark
discussions among students. Students will review literature and
develop an understanding of how X-rays are generated and
filtered in a powder X-ray diffractometer. In a single, simple-to-
run experiment, they encounter Bragg’s law, different diffraction
orders, electronic transitions, selection rules, transition
probabilities, and spin−orbit coupling. This type of activity is
expected to improve students’ analytical problem-solving skills
and scientific reasoning.
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