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Some education researchers have claimed that we should not teach the Bohr model of the atom because it
inhibits students’ ability to learn the true quantum nature of electrons in atoms. Although the evidence for this
claim is weak, many have accepted it. This claim has implications for how to present atoms in classes ranging
from elementary school to graduate school. We present results from a study designed to test this claim by
developing a curriculum on models of the atom, including the Bohr and Schrodinger models. We examine
student descriptions of atoms on final exams in transformed modern physics classes using various versions of
this curriculum. We find that if the curriculum does not include sufficient connections between different
models, many students still have a Bohr-like view of atoms rather than a more accurate Schrodinger model.
However, with an improved curriculum designed to develop model-building skills and with better integration
between different models, it is possible to get most students to describe atoms using the Schrodinger model. In
comparing our results with previous research, we find that comparing and contrasting different models is a key
feature of a curriculum that helps students move beyond the Bohr model and adopt Schrodinger’s view of the
atom. We find that understanding the reasons for the development of models is much more difficult for students
than understanding the features of the models. We also present interactive computer simulations designed to
help students build models of the atom more effectively.
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I. INTRODUCTION

Atomic models are an important part of physics instruc-
tion at many different levels. Students learn simple models of
atoms in elementary school and gradually integrate more
complex ideas into these simple models throughout their
education. In physics graduate school, students continue to
learn more sophisticated approaches to thinking about simple
atoms.

Why is there such a focus throughout our education on
atoms? The study of atoms is a rich content area, providing a
solid basis for understanding everything from the fundamen-
tal building blocks of nature to the basis of modern technol-
ogy. The structure of atoms is both beautiful and useful. Fur-
thermore, atomic models provide a good context for teaching
scientific reasoning skills such as model building and making
inferences from observations. The history of atomic models
over the last century provides an exciting detective story in
which students can be led through a complex web of reason-
ing about how new models are built and old models are
discarded, based on a few simple observations.

II. PREVIOUS RESEARCH AND CONTROVERSY ON
STUDENT LEARNING OF ATOMIC MODELS

Because quantum models of atoms are usually taught only
at an advanced college level in the United States, there has
not been much research on student learning of quantum mod-
els of atoms in this country. Much more has been done in
Europe, Asia, and Latin America, where quantum mechanics
is often taught at the secondary level.'"'> Within this litera-
ture, there is a great deal of controversy over whether to
focus on the current scientific understanding-? or to use a
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historical ~ approach,>*  whether to emphasize the
commonalities™® or the differences’”® between classical and
quantum physics, and which models are most appropriate for
teaching students.

While much of the research literature emphasizes differ-
ent models of the atom, different authors define and catego-
rize models in different ways, with some explicitly focusing
on historical models,* some explicitly focusing on student
models,’ some failing to distinguish between the two,'%!!
and some explicitly creating hybrid models for teaching.>®
Many of the authors do not explicitly define the different
models they use, and each author appears to have different
implicit assumptions about the “correct” model of the atom.
For example, Fischler and Lichtfeld? assume that the only
correct explanation for the stability of atoms is the localiza-
tion energy due to the Heisenberg uncertainty principle. Justi
and Gilbert* assume that what we call the de Broglie model
is an inappropriate blending of an orbit model and a quantum
mechanical model. Harrison and Treagust!! assume that it is
correct to describe an electron cloud as “made up of elec-
trons that are moving very fast around the nucleus” and that
a “cloud” model is more sophisticated than a “shell” model
(without defining either of these terms).

There are many definitions of “models” in the literature.
In this paper, we will focus on scientific models, as defined
by Halloun:'® “A scientific model is ... a conceptual system
mapped, within the context of a specific theory, onto a spe-
cific pattern in the structure and/or behavior of a set of physi-
cal systems so as to reliably represent the pattern in question
and serve specific functions in its regard.” Another useful
definition is given in the U.S. National Science Education
Standards:'* “Models are tentative schemes or structures that
correspond to real objects, events, or classes of events, and
that have explanatory power. Models help scientists and en-
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gineers understand how things work.” We note that both of
these definitions focus on the usefulness rather than the cor-
rectness of a model, so that different models may be appro-
priate in different contexts.

Another common and very different use of the term
“model” is to refer to students’ mental models, which may or
may not match accepted scientific models.!> This is a contro-
versial use of the term, as there is evidence that student
thinking is often fragmented and context dependent,'®!7 and
stating that students have mental models implies more coher-
ence to their thinking than may be warranted.

While there is controversy over the structure of students’
thinking while they are in the process of learning, there ap-
pears to be broad consensus that expert scientists do indeed
use models, and one goal of science education is to help
students learn to use models in the same way. According to
the recent National Research Council report,18 science is
“both a body of knowledge and an evidence-based, model-
building enterprise that continually extends, refines, and re-
vises knowledge.” Thus, we do not make any claims about
whether students, in the process of learning, use mental mod-
els or not. Rather, we attempt to measure, at the end of a
course on modern physics, to what degree students are ex-
pressing various expert scientific models.

In this paper, we will focus on three historical models of
the hydrogen atom, as proposed by Bohr,'” de Broglie,? and
Schrodinger.?! In the Bohr model, electrons are point par-
ticles that move around the nucleus in circular orbits at fixed
radii. In the de Broglie model, electrons are standing waves
on rings with the same radii as in the Bohr model. In the
Schrodinger model, electrons are clouds of probability
whose density is given by the solutions to the three-
dimensional Schrodinger equation for the Coulomb potential
that the electron feels from the nucleus.

One of the most controversial questions in teaching mod-
els of the atom is whether and how to teach the Bohr model.
This is an area of active debate among high school teachers,
as evidenced by a recent discussion among a group of local
high school teachers over district standards, in which teach-
ers could not agree over which model to teach.?? The result-
ing standards state that students should be able to “describe
the properties and relationships of neutrons, protons, and
electrons,” but do not state which model should be used to
describe electrons.?® Likewise, the U.S. National Science
Education Standards state that “each atom has a positively
charged nucleus surrounded by negatively charged elec-
trons,” but do not describe the properties of those electrons.'*
Thus, both national and district standards are silent on the
question of which model(s) should be used to describe at-
oms.

Within the education research community, at one extreme,
Taber!? states, “Clearly a full understanding of the modern
notion of the atom based on quantum mechanics would not
be appropriate at secondary level,” and advocates sticking to
the Bohr model. Most researchers in this area advocate
teaching a quantum mechanical view of atoms at the second-
ary level and beyond but disagree about whether the Bohr
model is an appropriate step toward this path. Petri and
Niedderer? view a Bohr-like model as a necessary step in the
learning pathway of a student. Those who advocate a histori-
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cal approach view the Bohr model as an important historical
step in understanding atoms.>* Those who believe that learn-
ing quantum mechanics requires contrasting it with classical
intuition view the Bohr model as a useful tool in refining the
quantum mechanical view of atoms.”® At the opposite ex-
treme, Fischler and Lichtfeld!? claim that the Bohr model is
an obstacle to learning the true quantum nature of atoms and
state, “in the treatment of the hydrogen atom, the model of
Bohr should be avoided.”

The work of Fischler and Lichtfeld is often cited in the
physics education research (PER) community and beyond as
evidence that it is preferable to avoid teaching the Bohr
model entirely,”*~2% and their claims have been incorporated
into curriculum design.’* Because the implications of these
claims are so far reaching, it is worth taking a closer look at
the research behind them.

In our view, the work of Fischler and Lichtfeld does not
provide convincing evidence that teaching the Bohr model
prevents students from learning the Schrodinger model. In
Refs. 1,2, they discuss a high school quantum mechanics
curriculum they developed, known as the “Berlin Concept of
Quantum Physics.” They implemented this curriculum in 11
courses (the test group) and took extensive data in these
courses as well as in 14 other courses implementing a more
standard quantum mechanics curriculum (the control group).
They do not describe what the standard quantum mechanics
curriculum is like or how it is different from their curricu-
lum, so it is difficult to determine whether any of the results
they show are due to the avoidance of the Bohr model or to
other differences in the curriculum.

In Ref. 1 they compare the network of ideas before and
after instruction for one student in the test group and one
student in the control group, and show that the student in the
test group is thinking more quantum mechanically than the
student in the control group. In Ref. 2, they present data from
about 100 students in each group, showing that when they
asked the students to explain why the atom is stable, many
more students in the test group (68%) than in the control
group (7%) talked about localization and the Heisenberg un-
certainty principle. They also show a graph indicating the
percentage of students in each group whose “conceptual
change” over the course of instruction was none, little, sat-
isfactory or complete, indicating that more students in the
test group (67%) than in the control group (2%) had satis-
factory or complete conceptual changes. There is no expla-
nation of what data this graph is based on or how they de-
cided what category a student’s conceptual change falls into
or even what they mean by conceptual change.

Fischler and Lichtfeld assume that the only goal of in-
struction on atoms is for students to acquire the content
knowledge of the Schrodinger model. If one follows their
advice, it is not possible to use atoms as a context for model
building, which is one of our main goals in teaching atomic
models.

Further, rather than making exclusive use of one expert
model, real experts are able to use multiple models simulta-
neously, recognizing the strengths and limitations of each
one and applying them appropriately.?’-> When solving
simple problems, practicing scientists often use the Bohr
model. Therefore, avoiding the Bohr model deprives students
of a tool that scientists find useful.
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Finally, research shows that avoiding discussion of topics
likely to lead to misconceptions does not work.* It is much
more effective to explicitly address the problems students are
likely to encounter. This approach is especially important
when discussing instruction on atomic models at the univer-
sity level. Students learn aspects of the Bohr model in high
school, in elementary school, and in popular culture, so they
enter university courses with preconceived ideas about at-
oms, whether we like it or not.

III. THE STUDY

Our basic research question is “Is teaching the Bohr
model an obstacle to learning the Schrodinger model of the
atom?” This is an experimental question that is relatively
straightforward to answer with a simple study. The ideal
study to answer this question would be to compare student
conceptions of atoms in two courses, one where the Bohr
model is taught and one where it is avoided. We were not
able to conduct this ideal study because we could not con-
vince any faculty teaching modern physics at the University
of Colorado to not teach the Bohr model. However, to show
that the Bohr model is not an obstacle to learning the
Schrodinger model, it is necessary only to show that in a
well-designed course that includes the Bohr model, most stu-
dents eventually develop an understanding of atoms based on
the Schrodinger model. This, therefore, is what we set out to
do.

The context of the study is a transformed modern physics
course for engineering majors developed and taught by the
authors for two semesters (Fa05 and Sp06) and then taught
by another professor in the PER group for the following two
semesters (Fa06 and Sp07), using the same materials (with
exceptions discussed below).?! The course format was a
large lecture, with an enrollment of 189, 184, 94, and 153 in
Fa05 through Sp07, respectively. The content of the course
emphasized reasoning development, model building, and
connections to real world applications. In addition, we
implemented a variety of PER-based learning techniques, in-
cluding concept tests, peer instruction, collaborative home-
work sessions, and interactive simulations. The curriculum is
available online.*

The treatment of atomic models in this course is outlined
in Fig. 1. In lectures, we discussed the historical develop-
ment of different models, with a focus on model building and
the reasoning for each model. In moving to each new model,
we emphasized the shortcomings of the previous model and
asked students to consider how to resolve these shortcom-
ings. The homework included many questions asking stu-
dents to compare and contrast models and to discuss the
advantages and limitations of each. While we did work out
the mathematics of the Bohr model in lecture, the main em-
phasis was on the reasoning behind it, rather than on calcu-
lations. We did not solve the Schrodinger equation for the
hydrogen atom but discussed how it is solved and the prop-
erties of the solutions.

All four semesters, the final exam included the following
question. (Students were not allowed to keep copies of the
final exams, and solutions were never provided.)
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¢ Democritus — Billiard Ball (450 BC)
— Why? Smallest indivisible chunk of matter
— Problem: Atoms can be ionized
Thomson — Plum Pudding (1904)
— Why? Known that negative charges can be removed
— Problem: Rutherford showed positive charge was small core
Rutherford — Solar System (1911)
— Why? Scattering showed small core.
- Problem: electrons should spiral into nucleus in ~10"" sec
* Bohr - fixed energy levels (1913)
— Why? Explains spectral lines
— Problem: No reason for fixed energy levels
* deBroglie — electron standing waves (1924)
— Why? Explains fixed energy levels
— Problem: still only works for Hydrogen
Schrodinger — quantum wave functions (1926)
— Why? Explains everything!
— Problem: hard to understand

Plum Pudding e

Classical | o
Solar System

Schrodinger  ®

FIG. 1. (Color) Models of the atom discussed in class.

A hydrogen atom is in its lowest energy state. Use words,
graphs, and diagrams to describe the structure of a Hydrogen
atom in its lowest energy state (ground state). Include in
your description:

At least two ideas that are important to any accurate
description of a hydrogen atom.

An electron energy level diagram of this atom, includ-
ing numerical values for the first few energy levels and
indicating the level that the electron is in when it is in
its ground state.

A diagram illustrating how to accurately think about
the distance of the electron from the nucleus for this
atom.

(On these diagrams, be quantitative where possible. Label
the axes and include any specific information that can help to
characterize hydrogen and its electron in this ground state.)

We designed this question to measure which models stu-
dents naturally use to think about atoms. The third bullet
point, by asking students to describe how to “think about the
distance of the electron from the nucleus,” forces them to
distinguish between the Bohr and Schrodinger models, since
the electron is at a fixed distance in the Bohr model, and
spread over a range of distances in the Schrddinger model.
We asked the question in a way that does not explicitly men-
tion models, so that it would not directly prompt the students
to reflect on which models they are using to describe the
atom. This decision was based on research showing that ask-
ing students to engage on metacognitive reflections of their
own thought process can cause them to think more deeply
and change their answer.>® Thus, if we had asked them to
reflect on models of the atom, many students would be likely
to use the Schrodinger model who would not otherwise use
1t.

In Fa05, the first semester we taught the course, this ques-
tion was followed by a second part asking the students to
describe the effect of increasing the angular quantum number
€ by 1. Because answering this second part requires using the
Schrodinger model, we suspected that it might prompt stu-
dents to use the Schrédinger model in the first part more than
they might otherwise. As will be discussed in Sec. IV, this
was indeed the case. We did not ask this second part in any
of the remaining three semesters.
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FIG. 2. (Color) Models used to describe hydrogen atom (either

implicitly or explicitly). The lower section of the bar for each model

indicates the percentage of students who used that model exclu-

sively, while the upper section indicates the percentage of students

who used that model along with at least one of the other two mod-

els. The total height of each bar thus indicates the total percentage

of students who used each model, whether exclusively or not. These

percentages include only students who discussed the corresponding

models as valid and without limitations. Error bars represent the

standard error on the mean for the total height of each bar. N
=179, 175, 90, and 147 for each of the respective semesters.

The criteria we used to evaluate the answers are given in
Sec. IV, and examples are given in Appendix A.

IV. RESULTS

We analyzed responses for all students who attempted to
answer the final exam question described above in each se-
mester of the course. We determined the models that students
were using with the following coding scheme:

Bohr. Explicitly mentions Bohr model, draws or describes
orbits, or says or implies that electron is at fixed radius.

de Broglie. Explicitly mentions the de Broglie model or
draws or describes standing wave around ring.

Schrodinger. Explicitly mentions the Schrodinger model,
draws or describes electron cloud, or draws or describes
probability distribution.

For each of the three models, we noted whether the stu-
dent used the model implicitly, by describing one of its char-
acteristics but not naming the model, or explicitly, by naming
the model. We also noted when students pointed out the in-
correctness or limitations of a model, either implicitly, by
criticizing some characteristic of the model, or explicitly, by
naming the model itself as incorrect or limited.

We did not attempt to characterize whether the students
were applying the models correctly. Most student statements
could be construed as correct according to some model. Ap-
pendix A gives sample student responses and further discus-
sion of how they were coded, including testing for inter-rater
reliability.

Figure 2 shows the percentage of students using each
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FIG. 3. (Color) Percentage of students (a) using multiple mod-
els, (b) explicitly discussing models, and (c) mentioning limitations
of the Bohr model. (a) includes students who used multiple models
both implicitly and explicitly. (b) includes both students who ex-
plicitly referred to models without criticizing them, and students
who explicitly discussed the limitations or incorrectness of a model
or models. (¢) includes students who mentioned the limitations or
incorrectness of the Bohr model or some aspect of it. Error bars
represent the standard error on the mean.

model in each of the four semesters. We note that while
many previous studies have treated student models as mutu-
ally exclusive, so that each student has only one model of the
atom, we found it impossible to code our student responses
in this way. As can be seen in Fig. 3(a), a large fraction of
students used multiple models, either by implicitly blending
ideas from different models or by explicitly comparing and
contrasting models.

Our goal is for all students to use the Schrodinger model
but not necessarily to the exclusion of other models. We view
it as desirable for students to use multiple models, especially
if they do so explicitly, as this is closer to the practice of
expert physicists. However, we recognize that student use of
multiple models is not always positive, since students some-
times simply confuse the models rather than knowing how to
apply each one in the appropriate context, as experts do.
Because we did not ask students to apply the models, it is
difficult to judge whether their use of multiple models was
expert-like or not. In some cases, it certainly was, as the
students explicitly discussed the limitations of each model.
In other cases, it was not clear, as the students did not give
enough detail for us to judge how they viewed the models.
However, we suspect that many experts answering our exam
question would also fail to be explicit about their use of
models, although they would be able to distinguish the mod-
els if asked to do so. Since we cannot know whether students
are failing to explicitly discuss models because they do not
know how or because they do not think it is important in
answering this question, we cannot fault them.

After reading students’ responses to the exam question
from the first two semesters, we were disappointed by how
Bohr-like the students’ models were. While a majority of the
students used the Schrodinger model (height of first two blue
bars), approximately a quarter (23% and 29% in the respec-
tive semesters) were using the Bohr model alone (height of
hashed part of first two red bars). Furthermore, after remov-
ing the second part of the exam question in Sp06, the per-
centage using the Schrodinger model dropped significantly
(p=0.01) from 72% to 60%. Since there are no other signifi-
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cant differences between the types of student responses in
the two semesters, we believe that this drop is because the
second part of the exam question prompted them to use the
Schrédinger model.

After reviewing our curriculum, we realized that the treat-
ment of atomic models was too disjointed. We spent a con-
siderable amount of time at the beginning of the course dis-
cussing the evolution of models through de Broglie, and then
spent about five weeks on electron waves and the
Schrodinger equation and its applications, before returning to
the Schrodinger model of the atom. The material in between
was necessary background for understanding the
Schrodinger model. However, when we did get to the
Schrodinger model of the atom, we did not spend much time
relating it back to the previous models of the atom. Based on
interviews and observations of students doing homework
during the first two semesters, we suspect that many of them
did not see any connection between the Schrodinger model
and the earlier models of the atom. Instead, they viewed this
model as simply one more example of an application of the
Schrodinger equation in a different potential.

Starting in Fa06, we changed the treatment of the
Schrodinger model to focus on relating it back to the previ-
ous models and recognizing why it was an improvement. In
addition, we put a greater emphasis on model building
throughout the course, using a touchstone example devel-
oped by Dykstra’* of a farmer attempting to discover the
underlying structure of his seeds by examining his sprouts.
In Sp07, we started using the interactive simulations Ruther-
ford Scattering and Models of the Hydrogen Atom [see Ap-
pendix B for details; both simulations are available for free
download from the Physics Education Technology (PhET)
website®¥], along with a detailed homework exercise in
which students used the simulations to analyze the differ-
ences in the experimental predictions of each model and ex-
plain the reasoning behind the development of the models.

After changing the curriculum to address the problems
seen in the first two semesters, we found that 76%—80% of
students were using the Schrodinger model (height of last
two blue bars—significantly lower than Sp06 [p<0.05%]
and comparable to Fa05, but without the prompting of the
second part of the question) and only 13%-16% were using
the Bohr model alone [height of hashed part of last two red
bars—significantly less than either of the first two semesters
(p<<0.05)]. These results suggest that teaching the Bohr
model does not prevent students from learning the
Schrodinger model, and that the improvements to the cur-
riculum made in Fa06 improved student learning of the
Schrodinger model.

Further, as can be seen in Fig. 3, the percentage of stu-
dents explicitly discussing models increased after the further
emphasis on model building and the connection between
models was added in Fa06 (p <0.05).

A possible concern about comparing the results from dif-
ferent semesters in Figs. 2 and 3 is that in addition to differ-
ent curricula in Fa06 and Sp07, there was a different instruc-
tor. However, the new instructor worked closely with one of
the old instructors to implement the course in a similar way,
and in other areas of the course where the curriculum did not
change, there was no significant difference in student re-
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sponses between Sp06 and Fa06 (for example, see Ref. 36).
Further, there were no statistically significant differences be-
tween any of the four semesters on any of the 23 multiple
choice questions that were asked on all four final exams (out
of a total of 38, 38, 35, and 33 multiple choice questions in
each of the respective semesters).

Another possible concern is that this exam question was
one of three to five long answer questions on the final exam
in Fa05 and Sp06 but was the only long answer question on
the exam in Fa06 and one of only two in Sp07, so students
had more time to work on it. This was reflected in the more
detailed answers that students gave in Fa06 and Sp07, and it
would not be fair to compare the quality of the explanations
between these semesters. However, because the question
does not ask the students to reflect on the nature of models,
giving them more time to think about it should not lead them
to use different models. To eliminate any possible effects of
exam length, our study excluded students who left the exam
question blank (4, 2, 0, and 0 students in the respective se-
mesters).

V. CONCLUSION AND NEXT STEPS

This study has answered the original research question “Is
teaching the Bohr model an obstacle to learning the
Schrodinger model of the atom?” in the negative.

After completing our study, we discovered two previous
studies in radically different contexts, one in a German sec-
ondary school course’ and the other in a Greek course for
prospective and in-service teachers,® that found similar re-
sults to ours. In both studies, researchers introduced a trans-
formed modern physics curriculum with an emphasis on con-
trasting models, including the Bohr model. In both cases,
when students were asked at the end of the course to draw a
picture of a hydrogen atom, most (77% in the first study and
99% in the second study) drew a quantum model (as deter-
mined by the researchers).

While neither of these studies focused on our research
question, both support the conclusion that teaching the Bohr
model is not an obstacle to learning the Schrédinger model.
In comparing our curriculum with the curricula used in these
previous studies, one key feature stands out: all three empha-
sized comparing and contrasting the Bohr model with later
models. It is likely that this key feature is a necessary com-
ponent for the curriculum to help students put the Bohr
model in proper context and move beyond it. This conclusion
is consistent with other research showing that students can
learn much more about a case by comparing and contrasting
it with other cases than by studying a single case alone.3’°

This study has opened up many questions for further re-
search. In interviews and observations of students doing
homework, we have found that while many students were
able to correctly answer homework questions about atomic
models and describe the salient features of each model, they
seemed to view each model as a list of characteristics to be
memorized rather than having a clear mental picture of the
model. This is in sharp contrast to our observations of stu-
dents describing other topics in the course for which we used
interactive simulations,* such as lasers, discharge lamps,
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FIG. 4. Example of a student response coded as implicitly using
the Bohr model only. This student described the electron as if it had
a fixed radius and drew orbits of fixed radii, a characteristic of the
Bohr model.

and the photoelectric effect. For these topics, students were
able to give vivid and detailed descriptions and apply their
knowledge to new situations without apparent effort.

We have found throughout the course that students did not
develop model-building skills to the degree we hoped. Most
students could describe the models but had trouble giving
satisfactory reasoning for why each model surpassed the pre-
vious one. When we asked them to make inferences from
observations, they often confused the two and did not give a
logical argument from one to the other. Research by Etkina
et al.*! suggests that scientific reasoning skills are difficult to
develop without a curriculum specifically aimed at giving
students practice engaging in scientific model building.
While several such curricula have been developed for intro-
ductory physics,**~** little work in this area has been done in
modern physics.

In response to these problems, we have designed the two
new interactive computer simulations discussed in Appendix
B. As discussed in the previous section, we integrated the
simulations into the course in Sp07 and students used them
to work through the reasoning behind the development of
each model. While the use of the simulations and associated
homework did not increase percentage of students using the
Schrédinger model (Fig. 2), the percentage of students using
multiple models and explicitly discussing models did in-
crease significantly after introducing the simulations in Sp07
(Fig. 3). Further, observations of students working through
simulations in homework sessions indicate that they were
engaging in model building to a degree that they had not in
other aspects of the course, including previous homework on
atomic models. Further research is needed to determine
whether and how the simulations can be used most effec-
tively to help students engage in model building.
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APPENDIX A: SAMPLE RESPONSES

Figures 4—8 show sample student responses to illustrate
the application of our coding scheme. As there is some con-
fusion in the literature between historical models and student
models, we note that by coding a student response as using a
particular historical model, we do not mean to imply that the
student is using the model as it was understood historically
by its creator. We only mean that the student is using some
vital element of the model, as we have defined it in Sec. II.

Some previous literature makes much finer distinctions in
student thinking than the three categories we have used, for
example, distinguishing between the conceptions of smeared
orbits, wave functions that do not become real until you mea-
sure them, and electron clouds,” or distinguishing between
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FIG. 6. Example of a student response coded as implicitly using
the Bohr and Schrodinger models. This student drew and described
a probability cloud or distribution, a characteristic of the
Schrodinger model, but also described an “orbiting electron” (high-
lighted), a characteristic of the Bohr model.
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FIG. 7. Example of a student response coded as explicitly using
the Bohr, de Broglie, and Schrodinger models. This student de-
scribed the characteristics of each model, explicitly labeling them as
“Bohr model,” “de Broglie model,” and “Schodinger H.”

orbitals and electron clouds,’ all of which we characterize as
part of the Schrodinger model. In practice, we have found
that it is not possible to make such fine distinctions based on
written responses alone.

We did not attempt to code for whether the students were
using the models ‘“correctly,” as correctness is difficult to
define for this question. While several students made minor
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FIG. 8. Example of a student response coded as explicitly using
the Bohr model only. This student began the description with “Ac-
cording to the Bohr model,” and described the electron as being at
a discrete radius, a characteristic of the Bohr model.
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errors such as stating that a hydrogen atom nucleus contains
a neutron (about 10% of students), as in Fig. 6, or drawing
the probability density for an excited state rather than a
ground state, as in Fig. 7, most students correctly described
some important features of some model. Some student re-
sponses were more complete than others, but because the
question was open ended, students focused on different fea-
tures of the models, and a more complete response does not
necessarily imply a more complete understanding.

A sample of 50 student responses from each semester was
coded independently by McKagan and by another coder. The
second coder was not told about the purpose of the study or
the differences between the curricula in the different semes-
ters until after the coding was complete. The initial inter-
rater reliability was 83%. The two coders refined the coding
scheme by discussing and reaching consensus on a quarter of
the responses where they disagreed. They then recoded the
remainder of the sample of responses independently with a
new inter-rater reliability of 93%. The remaining student re-
sponses were coded by McKagan using the refined coding
scheme.

Figures 4-6 show three examples of responses coded as
implicitly rather than explicitly using models. These students
characterized atoms using characteristics that we identified
as belonging to specific historical models, but the students
did not mention these models by name.

Figure 5 shows one of several responses for which the
two coders disagreed about whether the student was also
using the de Broglie model. The drawing on the right could
be interpreted as a spread out de Broglie wave or as a one-
dimensional wave function for an infinite square well. In the
end, because it was ambiguous, this response and others like
it were not coded as using the de Broglie model.

Figures 7 and 8 show two examples of responses coded as
explicitly using models. References to the “Schrodinger
equation” or the “Bohr energies” or even references to what
Bohr, de Broglie, or Schrodinger discovered historically
were not coded as explicit references to models unless the
students were clearly comparing and contrasting different
scientists’ views or treating these views as models.

APPENDIX B: INTERACTIVE SIMULATIONS

In response to the problems we found in this study, we
have designed two new interactive computer simulations
called Rutherford Scattering (see Fig. 9) and Models of the
Hydrogen Atom (see Fig. 10). These simulations, which were
developed as part of the PhET project, can be downloaded
for free from the PhET website.’> They are designed to be
used as part of guided inquiry exercises to help students
build models of the atom and develop an understanding of
the reasoning behind each model. The homework exercises
we used in Sp07 are available from both the PhET activities
database and from our modern physics course archive.’?

The Rutherford Scattering simulation was designed in re-
sponse to observations that after instruction on Rutherford
scattering, many students could not understand why alpha
particles scatter from atoms in the way they do, why the
actual behavior is different from the predictions of Thom-
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son’s plum pudding model, and why this discrepancy is im-
portant. In the simulation, students can see the microscopic
effects of shooting alpha particles at a plum pudding atom
and a Rutherford atom and build up a model for why the
behavior of the alpha particles is different in these two cases.

The Models of the Hydrogen Atom simulation was de-
signed in response to observations that after instruction on
models of the atom, many students did not have clear mental
pictures of the different models and did not understand the
reasoning that led to the models. In the simulation, students
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can see an animated visual representation of each model, see
how shooting light at different models leads to different out-
put on a spectrometer, and see the connection between the
physical picture of the atom and the energy level diagram.
In response to a possible concern that by simulating the
internal structure of atoms we are “giving away” the model
rather than making the students construct it for themselves,*
we note that in interviews and homework sessions, the stu-
dents we observed using the simulation did not grasp the
models being displayed immediately but built their under-

FIG. 10. (Color) Models of the
Hydrogen Atom simulation.
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(a) radial view |

(c) brightness view

FIG. 11. (Color) Three representations of the de Broglie model.

standing slowly as they played with the simulation or worked
through the homework. Even with all the cues “given” in the
simulation, the students we observed still appear to need to
construct their own models before they can make sense of
what they are seeing.

Because the mental leap between the Bohr and
Schrodinger models is so large, we believe that the de Bro-
glie model serves as a useful bridge, providing a link to both
the fixed orbits of the Bohr model and the waves of the
Schrodinger model. Even within the research literature that
emphasizes comparing and contrasting models, the de Bro-
glie model is often left out.>® We have observed that the idea
of a three-dimensional wave that does not have a simple
sinusoidal structure is quite difficult for many students and,
as a result, they often have trouble recognizing the connec-
tion between the electron clouds of the Schrédinger model
and the ‘“electron waves” they have learned about in one
dimension.

To help students make the connection between the more
traditional representation of sinusoidal waves and the repre-

sentation of brightness as the magnitude of probability den-
sity used for the the Schrodinger model in Fig. 10, the Mod-
els of the Hydrogen Atom simulation provides several
different representations of wave amplitude in the de Broglie
model, as shown in Fig. 11. The first two representations
help students recognize the de Broglie waves as waves, and
the third representation helps students connect these waves
to the representation in the Schrédinger model. In student
interviews on the Models of the Hydrogen Atom and Radio
Waves and Electromagnetic Fields simulations, we have
found that students do not recognize the brightness represen-
tation shown in Fig. 11(c) as a wave if it is the only repre-
sentation used but can correctly interpret it after comparing it
with other representations.

While further research is needed to carefully test the ef-
fects of the Rutherford Scattering and Models of the Hydro-
gen Atom simulations and associated activities on student
reasoning about atomic models, initial observations indicate
that these can be useful tools for helping students engage in
model building.
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