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Broadly speaking, many physicists value intuition in their work, and many instructors hope their
students develop intuition (while possibly being wary of their initial, unrefined intuitions). These
considerations are especially relevant in quantum mechanics, a subject many see as counterintuitive
because it is removed from classical everyday experience. Do students consider quantum mechanics
intuitive, how does this affect their approach to the subject, and what does “intuitive” mean to them? We
investigate these questions through a mixed-methods approach within the context of one upper-division
quantum mechanics class at an R1 university. We find that most students in this population expect to have
little intuition for quantum mechanics, so many consider it more unintuitive than counterintuitive. We also
find that students use the word intuitive to refer to a number of distinct ideas. Overall, students have a
diverse set of perspectives on intuition and its role in studying quantum mechanics. This study lays
groundwork for additional research into students’ views on intuition in physics and informs how we can
address intuition as educators. Quantum instructors should be aware of their students’ perspectives on

intuition, and can integrate the different ways students perceive intuition into their lessons.
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I. INTRODUCTION

As a concept, intuition is elusive and defies definition.
Nonetheless, if it plays any role in learning and doing
physics, we are compelled both to communicate our
intuitions when teaching and to communicate about intu-
ition when conducting education research. This work aims
to lend clarity—and the perspective of students—to this
communication, with a focus on quantum physics.

Quantum theory deviates from classical physics in
profound ways. For example, observation affects sub-
sequent outcomes, incompatible observables are unknow-
able simultaneously, and entanglement leads to nonlocal
effects. Does this make quantum mechanics nonintuitive?
These ideas are far removed from our macroscopic lived
experiences. Does this make them counterintuitive?

A common claim in education research about quantum
mechanics is that the subject matter is not intuitive.
References [1-11] refer to quantum mechanics or certain
subtopics as counterintuitive (meaning contrary to one’s
intuition). Others refer to the subject as unintuitive (mean-
ing one lacks intuition) or simply nonintuitive (meaning
either counter or un) [12—-14]. Often, these statements are
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made in passing, and authors may not intentionally use one
term over another. Still, as a whole, the literature seems to
agree: quantum mechanics topics are often counterintuitive
(or at least unintuitive), and this is a relevant consideration
when teaching.

This raises multiple questions, and this paper focuses on
the following three:

1. Do students consider quantum mechanics as coun-

terintuitive as the literature suggests they might?
2. What does “intuitive” mean to students?
3. How do students’ views on intuition affect their
approach to learning quantum mechanics?

Investigating these questions will illuminate students’
perspectives on intuition in quantum mechanics with
possible implications for future research and for instruction.

To address these research questions, we interviewed and
surveyed students drawn from two semesters of under-
graduate quantum mechanics. We will present quantitative
survey results, but focus more on qualitative analysis. We
adopt a phenomenographic approach for our qualitative
analysis [15,16]: we set out to characterize the different
ways that students perceive and experience intuition when
learning quantum mechanics. We do so without an a priori
categorization scheme in mind, meaning we can address
our research questions without establishing a definition of
intuition. We employ this strategy because our objective is
to forefront student perspectives.

In line with this goal, we avoid value judgments of
student statements about intuition. For example, we con-
sider the view that quantum mechanics is intuitive to be
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neither inherently expertlike nor inherently novicelike.
Instruction often aims to help students develop intuition,
and we share this goal. We also recognize that some
physicists perceive the differences between classical and
quantum physics as nonintuitive even when—or perhaps
because—they understand those differences well. In this
work, we investigate distinctions beyond an intuitive or
nonintuitive binary.

We begin by grounding this study in the existing
literature (Sec. II) and describing our methodology
(Sec. III). We then present our findings (Sec. IV) in order
of our research questions. We conclude with discussion of
possible instructional implications as well as potential
future research directions (Secs. V, VI, and VII).

II. INTUITION IN PER LITERATURE

There is a large body of work discussing intuition both
within physics education research (PER) and more broadly:
“Philosophers, writers, mystics, psychologists, biologists,
and educators have all contributed to the great conversa-
tion” [17]. A comprehensive review is beyond the scope
of this paper, but a brief survey of PER literature will
contextualize the present study. Discussions of intuition in
PER literature vary in content, context, and purpose; we
organize our summary of these discussions using four
categories. The categories are not mutually exclusive, and
this paper fits best in the fourth category. The discussions in
the first two categories do not probe the nature of intuition
directly but do investigate its presence in student thinking
and use in the classroom.

Intuitions as barriers to understanding or problem
solving.—In some cases, students’ initial, intuitive reac-
tions to a given physics problem may cause errors in their
solution strategy. This can possibly be explained in terms of
dual-process theories, which posit that reasoning consists
of two modes: a “fast,” intuitive process, and a “slow,”
deliberate, or rational process [18-21]. If students fail to
activate a slow process when solving problems, they can be
misled by their initial intuitions, which may be incorrect or
incomplete.

The elicit, confront, resolve paradigm for instructional
activities is one strategy for addressing this problem. Used
most notably in the Tutorials produced by the University
of Washington [22], the strategy aims to helps students
“overcome deeply rooted ideas” that are incorrect, which
may arise from students’ intuitions [23]. The broad body of
research into student “misconceptions” overlaps with this
perspective on intuition.

Intuition as an instructional goal.—Some instructional
strategies or materials are designed with the explicit goal of
helping students develop intuition. For example, Elby
discusses guiding students through the process of “refining
raw intuitions” when teaching introductory mechanics [24],
and Whittmann and Morgan describe the design of an
“Intuitive Quantum Physics” course for nonscience majors

that foregrounds “everyday” thinking [25]. Bao and Redish
discuss the “difficulty in building intuition” in quantum
physics, but name helping students in doing so as an
explicit instructional goal [26].

Ontology: Intuition as a specific category of knowledge
or type of thought process.—Research in this category
attempts to characterize or define intuitive thinking or
intuitive knowledge. The dual-process theories mentioned
above undertake this effort [18-21], as does diSessa’s work
on “phenomenological primitives,” which are fundamental,
intuitive ideas or thought patterns from which more
systematic knowledge may be constructed [27]. Other
examples include work from Chi and Slotta, who argue
that intuitive knowledge has more structure than suggested
by diSessa [28], from Brock, who presents intuition as a
form of “tacit knowledge” [29], and from Sherin, who
studies the role of intuition in physics problem solving [30].
In contrast, Singh examines physicists’ thought processes
explicitly when they have minimal intuition about a given
problem [31].

Epistemology: Practitioners’ perspectives on intuition.—
Regardless of the exact definition of the term, if intuition is a
part of knowing physics, then physicists’ views on intuition
constitute part of their epistemologies (beliefs about the
nature of knowledge). Research in this category treats
intuition as a part of knowledge or type of thought process,
but focuses on people’s perspectives on knowledge instead of
attempting to classify or define it directly.

Intuition is a consideration in work studying students’
epistemologies in quantum physics [32—-34], but little work in
PER has focused primarily on students’ views on intuition.
Outside of PER, Marton et al. have investigated the views on
scientific intuition expressed—not by students—but by
Nobel prize-winners in yearly panel discussions [35].
Their findings include that the discussion participants:
(a) did, for the most part, consider scientific intuition to
exist as a process distinct from analytic thinking; (b) used the
word “intuition” to describe a person’s capability (e.g.,
someone with a knack for intuitive understanding), some-
thing that happens (e.g., being struck by intuition), or an
outcome (e.g., having an intuition); (c) believed that intuition
can be developed through experience, but that it comes more
naturally for some; and (d) considered intuition to be
something that one can feel or experience.

Similar in both spirit and methodology to the work of
Marton et al., this paper investigates the views on intui-
tion expressed by students in a quantum mechanics
course. Students’ epistemologies affect their learning in
physics generally [36,37] and in quantum mechanics spe-
cifically [32,33,38]. Moreover, as discussed in the intro-
duction, intuition is perhaps especially pertinent in quantum
mechanics. Hence, learning what students have to say about
intuition can illuminate this element of students’ epistemol-
ogies to complement theoretical work, inform further
research, and guide instruction that seeks to help students
develop or refine their intuition.
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1. METHODOLOGY

We employed a mixed-methods approach to investigate
students’ perspectives on intuition in quantum mechanics,
including surveys and interviews. In this section, we
describe the courses from which interviewees and survey
respondents were drawn, detail the survey questions and
interview protocol, and summarize our analysis strategy.
Table I provides a summary of data collection.

A. Quantum mechanics course

Surveys were administered in two semesters of the
junior-level quantum mechanics course at a large, Rl
university. Interviewees were drawn from the first semester
only. The first semester (Fall 2020) had 63 enrolled
students, and the second semester (Spring 2021) had 99
enrolled students. During both semesters, the class was
taught by the same PER faculty (author SP). Both times, the
class was taught fully remotely due to the COVID-19
pandemic, meaning the lectures were held synchronously
over Zoom and were also recorded and made available to
students asynchronously. Lectures included interactive
elements such as frequent clicker questions.

The vast majority of students in the class were physics
majors, with some astrophysics majors as well. The class
reflects the demographic breakdown of the upper-division
physics and astrophysics majors, which the university
reports as follows. Approximately 20% of majors are
reported to be female [39]. The major is split evenly
between in-state and out-of-state students, and 14% are
first-generation college students. 58% of majors are iden-
tified as White, an additional 22% as international, 9% as

TABLE 1. Summary of data collection. Other than interviews,
all data were collected from weekly prelecture surveys (“pre-
flights”) administered during two semesters of an upper-division
quantum mechanics course. The surveys and interviews are
described in the text.

Instrument Administration and timing

Question about incoming
expectations for intuition
in quantum

Once per semester, on the first
prelecture survey, due on the
first day of class

Intuition characterization
question (Fig. 1)

Every other week on prelecture
surveys

Questions about struggle Every other week on prelecture

surveys
Interviews (Fig. 2) Week 9 of the fall semester

Question about the role of
intuition in quantum

Once, on the prelecture survey
for week 6 of the spring
semester

Question about developing
intuition in quantum

Once, on the prelecture survey
for week 10 of the spring
semester

Hispanic/Latino, 7% as Asian, and below 5% as any other
race/ethnicity.

The class, which is the first half of a two-semester
quantum mechanics sequence for physics majors, was
taught using a “spins-first” instructional paradigm follow-
ing McIntyre’s Quantum Mechanics text [40]. The postu-
lates of quantum mechanics were first presented in the
context of a two-state, spin-%2 system, and only later
applied to position-space wave functions. Prerequisites
included a linear algebra course, and the department’s
modern physics course, which includes a unit on quantum
mechanics. This means students had some prior classroom
exposure to quantum topics.

Three lectures were held each week. Additionally, one
optional weekly recitation section was held (also over
Zoom) in which students worked on conceptual worksheets
(tutorials) in small groups under the guidance of the
professor and assistant instructors. Approximately 30%
of students attended the optional tutorials. The tutorials, as
well as homework assignments and clicker questions, are
available at [41]. In both semesters, the course included two
midterm exams and a final exam.

B. Surveys

In both semesters, the course included online pre-
lecture surveys assigned once per week, which we call
“preflights” [42]. The preflights, which were graded for
participation only, typically consisted of brief conceptual
questions about recently covered material. They additionally
included survey questions for this research study, which were
always asked first, before any physics content questions.

On the first preflight of each semester, which was due on
the first day of class, we asked the following question to
gauge students’ expectations for intuition in quantum
mechanics:

Think back on your previous physics courses: did you
consider what you learned in those courses to be
“intuitive” or “unintuitive” (or even “counterintui-
tive”)? Why? (Maybe you felt differently about different
courses.) How do you expect Quantum Mechanics to
compare to your previous courses, in terms of how
intuitive (or not) you will find the material?

Students were able to respond in a single open-ended
text box.

To probe whether students considered quantum topics
intuitive, the question in Fig. 1 was included on preflights
biweekly during both semesters. Students were asked to
characterize their intuition about the topics they had learned
that week, and could check boxes corresponding with
intuitive, unintuitive, counterintuitive, or unconcerned.
Students were allowed to check multiple boxes, because
in any given week some new ideas may feel intuitive while
others do not.
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How would you characterize your intuition about the
ideas/concepts you learned this week?

Check ALL that apply.

[0 The ideas seem intuitive

O Some of the ideas seem COUNTERIntuitive (they
disagreed with my intuition about the world)

O Some of the ideas seem UNintuitive (I don’t have any
intuition about them one way or another)

O I'm not worried about/interested in how intuitive the ideas
were

FIG. 1. This question was administered on online prelecture
surveys (preflights) approximately every other week during each
of two semesters of undergraduate quantum mechanics. The
preflights were mandatory and students received participation
credit for completing them. Preflights typically also included
physics content questions.

During the first semester, every time the intuition
characterization question was asked it was followed by:

Optional: Explain your response to the previous ques-
tion about intuition.

After a few weeks, few students (roughly 20%) provided
explanations. During the second semester, we only
included the explanation option the first time we asked
the intuition characterization question. On two later pre-
flights that semester, we asked each of the following once:

FOR YOU PERSONALLY, how important is intuition to
your learning in physics? What role does it play?

and

Do you feel like you're developing intuition about
quantum mechanics in this class? If so, what has helped
you develop it? If not, why not?

Both were asked directly following the intuition charac-
terization question for the given week.

In addition to questions about intuition, we also asked
students about their “struggle” with different aspects of the
material on preflights. Approximately biweekly, students
were asked on preflights to rank their struggle with: the
physics; the math; connecting the math and the physics;
notation; language; and quantum “weirdness.” For each
category, students chose from an ordinal scale of: no
struggle (0); mild struggle (1); moderate struggle (2);
severe struggle (3). The struggle questions were asked as
a follow-up to our work characterizing student discomfort
with the material in quantum mechanics [44], but also
allowed us to investigate the potential relationship between
students’ sense of intuition and their self-reported sense of
struggle with the content. In the first semester, the struggle

questions were asked on the same preflights as the intuition
questions; they were asked on alternating weeks in the
second semester so the preflight length would be more
consistent every week.

C. Interviews

To study student thinking on intuition more deeply, we
conducted 11 interviews with students from the Fall 2020
semester’s quantum mechanics class. Student volunteers
each received a $20 gift card, and all students in the class
were invited to participate in interviews. Interviews, which
lasted 30 minutes and were held over Zoom, were con-
ducted about halfway through the semester (around week 9
of a 15-week semester). The protocol consisted of 12
guiding questions as shown in Fig. 2. Interviews were
recorded and later transcribed.

The interviewees were representative of the class in
terms of their course performance: of the 11 interviewees, 5
averaged between 90-100% on exams, 2 between 80—90%,
and 3 between 60—70%. The 11th interviewee withdrew
from the class some time after the interview. The overall

Interview Protocol

1. Do you think physics is “intuitive?” Why? What are the
things that make it “intuitive” or not?

2. What does “intuitive” mean?

3. How important do you think “intuition” is in your
understanding in physics classes generally? What about in
your problem solving (e.g., doing homework or taking
exams)?

4. How about in Quantum Mechanics this semester
specifically?

5. Do you think Quantum Mechanics is “intuitive?” Why?
What are the things that make it “intuitive” or not?

6. What does “intuitive” mean for you in your QM course
specifically?

7. Do you feel like you are developing/have developed a sense
of intuition in QM this semester? Can you describe what
that process is like for you? What helps you develop a
sense of intuition?

8. In previous interviews, some students distinguished
“counterintuitive” (something that is different from what
you would intuitively expect) from “unintuitive”
(something that you don’t have an intuition for one way or
another). What do you think about this distinction?

9. Do you feel like you’ve had to “unlearn” things when
developing intuition in QM? (In other words, did you find
things “counterintuitive?”)

10. Can something simultaneously “make sense” but be
“unintuitive?”

11. Can something simultaneously “make sense” but be
“counterintuitive?”

FIG. 2. Protocol used for interviews. Interviews were semi-
structured and conversational: the interviewer occasionally asked
follow-up questions or skipped questions in the protocol that the
interviewee had already addressed.
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class exam average was 75%. We report exam averages and
not overall course grades because the course grade dis-
tribution was unusual compared with previous semesters
due to considerations for difficulties caused by emergency
remote teaching and the COVID-19 pandemic.

D. Analysis

The multiple-choice preflight question asking students
to characterize their intuition lent itself to a quantitative
analysis; we report various counts and correlation coef-
ficients in Sec. IVA. Additionally, students’ struggle
rankings allowed us to investigate possible correlations
between students’ self-reported struggle and sense of
intuition, as discussed in Sec. IV C. Our remaining data
required qualitative analysis.

We employed a phenomenographic approach for our
qualitative analysis. Phenomenography is a methodology
for drawing out and characterizing different perceptions of
the same phenomena [15,16]. In this study, the phenome-
non in question is intuition (or specifically intuition in
quantum mechanics), and the themes or categories that
arise describe different ways students perceive or experi-
ence it. Notably, the categories are of student statements,
not of students themselves.

Phenomenography sometimes produces a set of themes or
categories that are arranged hierarchically (see [45] for an
example from PER); however, this is not required. We do not
consider any perspective on intuition to be inherently expert-
or novice-like, meaning there is no obvious hierarchy to
apply to these perspectives. Our application of phenomen-
ography is informed by Marton et al., who implemented this
methodology to (nonhierarchically) categorize the ways
Nobel laureates perceive “scientific intuition” [35].

We applied emergent coding to the interview transcripts
and identified themes relevant to each of our three research
questions: whether students consider quantum mechanics
intuitive; what students appear to mean by intuitive; and the
role and importance that students attribute to intuition in
quantum. We then applied the same codes to all open-ended
preflight responses. We found evidence for all codes in the
broader sample of student responses, and did not find that
any new codes emerged from the broader sample.

The coding was primarily conducted by author GC, but all
codes were refined in discussion with all three authors
examining student quotations until consensus was reached.
Coding was conducted for one research question at a time,
and codes were applied to entire sentences (or fragments), but
not all sentences received codes. Several complex student
statements received multiple codes, but most received only
one. The same process was applied to preflight responses.

We also identified themes related to a fourth question: do
students initially expect quantum mechanics to be intuitive?
Some discussion of this question arose in interviews, but it
was also asked explicitly on the first preflight of both
semesters. A broader range of more direct responses to the

question arose on the preflights, hence our codes in related
to this question were emergent from the preflight data
rather than from the interviews.

The purpose of this thematic analysis was to draw out the
range of ideas that are relevant for students when consid-
ering intuition in quantum mechanics. We do not focus on
the relative frequencies of various themes because they
may be sensitive to the student population, the instructor,
and the specific survey and interview questions we asked.
Nonetheless, all themes we report were observed in
multiple student statements in both interviews and preflight
responses. The identification and organization of themes
presented below can guide other instructors and researchers
who aim to discuss or investigate intuition.

IV. FINDINGS

We present our findings beginning with survey data
about whether students consider quantum mechanics intui-
tive, and discuss these results in light of student statements
from the interviews (Sec. IVA). Next, we consider what
intuitive appears to mean to students. We describe facets of
the word intuitive arising from a thematic analysis of
interviews and free-response survey questions (Sec. IV B)
and we also report on the relationship between students’
sense of intuition and their self-reported sense of struggle
with the material (Sec. IV C). Finally, we discuss what
students describe as the role of intuition in their learning,
and the expectations they have for intuition in quantum
mechanics (Sec. IV D). Overall, we set out to characterize
the variety of ways students perceive and experience
intuition in quantum mechanics, and we avoid making
value judgments of student statements.

A. Is quantum mechanics intuitive for students?

This section addresses the first research question from
the introduction: do students consider quantum mechanics
as counterintuitive as the literature suggests they might?
Our findings suggest that our students do not.

Approximately every other week during two semesters
of undergraduate quantum mechanics, we asked students to
characterize what they were learning as intuitive, unin-
tuitive, or counterintuitive (Fig. 1). Students were allowed
to select multiple options, and could also indicate that they
were unconcerned with their sense of intuition. Figure 3
shows the overall breakdown of responses between these
four categories, aggregated over both semesters.

Nearly half of the responses indicated that “the ideas
seem intuitive.” About 6% of responses included the
unconcerned option, while the remaining 45% indicated
that the material was somehow nonintuitive. Notably,
unintuitive accounted for over a quarter of responses,
whereas counterintuitive accounted for slightly less than
a fifth. Although the counterintuitive nature of quantum
mechanics was relevant for these students, they more often
reported simply having no intuition for quantum
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Unconcerned

Intuitive

Counterintuitive

Unintuitive

FIG. 3. Overall breakdown of students’ responses to a pre-
lecture survey question about intuition (Fig. 1), aggregated over
both semesters of data collection. Includes 894 total responses
from 163 students. Because students could select multiple
options, the percentages are out of the total number of boxes
checked.

mechanical topics one way or another (i.e., unintuitive).
Students also expressed this sentiment in interviews, as
discussed in depth below (Sec. IV D).

Before discussing interviews, we must clarify three
things about Fig. 3: the effect of allowing students to
select multiple options; week-by-week shifts in the break-
down of responses; and how responses varied by student.
On the preflight given during the first week of both
semesters, students selected 1.5 options on average, mean-
ing approximately half selected two options (e.g., intuitive
and unintuitive), whereas the rest selected only one.
However, across the entire semester, only about one-fifth
of students selected two options in a given week (i.e., an
average of 1.2 options). Only 2% of all responses included
three or four options, which corresponds with about one
student doing so each week.

Table II shows the breakdown of student responses
aggregated over both semesters and accounting for the
possibility that students selected two options. The students
who selected multiple options chose intuitive/unintuitive
and intuitive/counterintuitive at similar rates, and fairly few
students selected unintuitive/counterintuitive. It was also
rare for students to select unconcerned and another option
in the same week.

There was minimal temporal variation in student respon-
ses, although some patterns did emerge. The intuitive option
was less common on the first preflight of each semester—
accounting for about 33% of boxes checked as opposed to
49% for the whole term (averaged over both semesters). In
addition, counterintuitive and unintuitive were approxi-
mately equally common on the first preflight. After the first
preflight, however, things roughly and rapidly leveled off to
reflect the quantities reported in Fig. 3 and Table II

We did observe an uptick in counterintuitive during the
unit on entanglement and the Einstein-Podolsky-Rosen

TABLE II. Breakdown of students’ responses to a prelecture
survey question about intuition (Fig. 1), aggregated over two
semesters. The cells along the diagonal represent responses where
students selected only one option. Off-diagonal cells represent
responses where students selected two options (e.g., “The ideas
seem intuitive” and “Some of the ideas seem UNintuitive”).
Unlike in Fig. 3, the percentages given in this table are out of the
total number of responses (894) as opposed to the total number of
boxes checked. Omitted from the table are the 2% of responses
where students checked three or more boxes.

Intuitive ~ Un-  Counter- Unconcerned
Intuitive 43.0%
Unintuitive 7.8%  18.9%
Counterintuitive 5.9% 3.6% 12.5%
Unconcerned 1.6% 0.5% 0.2% 4.2%

paradox, which may be unsurprising to readers familiar
with those topics. Conversely, we saw a decrease in
counterintuitive in the week when the class transitioned
from spin-Y2 systems to position-space wave functions.
This could be related to the fact that students are more
familiar with position than with spin, but overall we
hesitate to overinterpret these weak temporal signals.

Whereas we did not observe strong temporal dependence
in students’ responses, we did see significant variation
between students, as shown in Fig. 4. Almost every student
selected a unique combination of options during the span of
their quantum mechanics class. Some students considered
almost everything intuitive and others found almost every-
thing nonintuitive, but most students were somewhere in
the middle. Taken together with the lack of significant
temporal variation, Fig. 4 indicates that different students
considered different weekly topics more or less intuitive.

Figure 4 strongly suggests that students are far from
monolithic when it comes to their perceptions of intuition
in quantum mechanics. It may be the case that this is true in
physics more broadly as well. When asked if they thought
physics was intuitive, three interviewees said the following
three things:

Definitely very, very intuitive...that’s what [ love
about it.

Sometimes I feel that way. And then I'm proven wrong.
I personally don’t.

The other interviewees offered a similar range of responses.
As shown in Fig. 4, interviewees’ weekly preflight
responses were equally varied.

One might expect that students’ sense of intuition would
correlate with their course performance, but we observed
weak correlations. As shown in Fig. 4, high-performing
students varied significantly in how they responded to the
preflight questions. The Spearman’s rank correlation coef-
ficient (p, which ranges in magnitude from 0, meaning no
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FIG. 4. Student responses to a prelecture survey question about intuition (Fig. 1), which was repeated approximately biweekly. The
figure includes students’ responses from two semesters. Each bar corresponds with a single student who answered the question on 4 or
more prelecture surveys. 139 students are represented in the figure—24 students (15% of the 163 total) who only responded 3 or fewer
times are omitted. Students could check multiple boxes. The percentages indicate how many times the student selected a given choice
(e.g., “the ideas seem intuitive”) out of the total number of boxes they checked aggregated over all the student’s responses for the
semester. The 10 columns marked “*” represent students who were also interviewed (the 11th interviewee is omitted because they
dropped the class and did not respond to 4 or more surveys). Students are sorted horizontally based on the rate at which they chose the
intuitive option. The vertically stacked squares above each bar represent the given student’s overall exam average in their quantum
mechanics course: one square indicates that the student’s exam average fell in the first (lowest-performing) quartile, two squares
indicates the second quartile, etc. As discussed in the text, there is little correlation between students’ responses to the survey questions
about intuition and their exam performance.

correlation, to 1, meaning perfect correlation) between
students’ exam averages and the rate at which they chose
intuitive (i.e., the height of the intuitive bars in the figure) was
0.18 (p < 0.05). The correlation coefficient between stu-
dents’ exam averages and the rate at which they chose
counterintuitive was —0.20 (p < 0.05; note that this corre-
lation is negative). These both constitute weak correlations.
There was also no correlation between students’ exam scores
and the rate at which they chose unintuitive (p = —0.03,
p = 0.7). We share speculations on these correlations (or
lack thereof) in the discussion.

surfaces in student statements likely depends on the context
and content of the questions we ask them, but by collecting
responses from many students we can begin to piece
together the entire shape. Although each facet is distinct,
some facets may overlap. Each facet generalizes ideas
expressed by multiple students.

This section reports results of a thematic analysis of
interviews and open-ended preflight responses, from which
six facets of intuition emerged. The six facets, which we
describe with examples below, are summarized in Table III.
Every facet arose in both interviews and preflight responses
from multiple students. Each facet refers to a use of the
word intuitive that we were able to distinguish from all
other facets; however, the definitions of the facets are not
intended to be mutually exclusive.

B. Facets of intuition

This section addresses the second research question from
the introduction: what does intuitive mean to students? Our
findings indicate that the word has a range of meanings for
different students, as summarized in Table III.

. s .
Students in quantum mechanics may consider the subject 1. Matching one’s expectations

at least as unintuitive as they consider it counterintuitive, or
possibly more so. Students also often reported that they
found the ideas they were learning to be intuitive. But what
does intuitive mean to students? Although we asked inter-
viewees this question directly, we cannot paint a compre-
hensive picture of how any specific individual perceives
the concept of intuition. We can, however, characterize the
ways students used and describe the word, which we call
facets of intuition.

We use the word facet because we consider intuition a
multifaceted construct [46]. The “side” of intuition that

A physical problem may be intuitive if its behavior
matches your expectations, counterintuitive if it does not, or
unintuitive if you have few expectations for how it should
behave. Two interviewees said,

For me, like intuitive is, you know, does it behave in the
way I would expect it to?

I would say to me, it would mean having a natural
feeling as to what will happen.

Whereas a third remarked that their quantum course,
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TABLE III. Facets of intuition: the ways students use the word intuitive or discuss intuition in interviews and open-ended preflight
questions. All codes arose at least a dozen times (possibly including multiple times in the same interview) and in statements from
multiple students. Something is unintuitive when none of these facets apply (e.g., you have no expectations for how a system should
behave, or you have no directly related intellectual experience). Something is counterintuitive when a facet applies, but it leads to an
incorrect conclusion (e.g., your expectation is inaccurate, or the connection you make to prior intellectual experience leads you astray).
The facets are described in depth in the text.

Facet of intuition

Something is intuitive when...

Example student quote

Matching one’s expectations

“Physical” or “real-world”
observable

Related to prior intellectual

You can predict how a system will behave, or
you can anticipate what the solution to a
problem will be.

You encounter it in everyday life, or you can see
it with your own eyes. For example, the
behavior of a bouncing ball.

It is connected to concepts or techniques you

[ think intuition is, like, something you can
predict.

My physics classes have been pretty intuitive.
This is because usually, we have dealt with
situations that I am familiar with and could
encounter and observe.

The Coulomb force being the same as, like,

experience

have learned or practiced before, possibly
in other classes. For example, the eigen-
functions of a “particle in a box” are related

gravity...I think that automatically makes it
way more intuitive because...l can connect
those immediately.

to standing sound waves in pipes.

Something one experiences

It “just naturally makes sense to you”
(interviewee quote), you can make leaps of
logic or understanding, or you feel that the

If you have intuition, then you have an
instinctive feel as to what is right and what is
wrong [when solving a physics problem].

concepts you are learning build or fit together

in a comprehensive way.

Mathematical intuition

Visualization
(e.g., a graph).

You can make sense of it using mathematical
tools you feel you understand.

You can visualize it in a helpful but abstract way

Those points that were not intuitive became
intuitive after I understood the math
governing the laws.

It has been...intuitive in the sense that I was
able to utilize a lot of visualization to help me
learn the material.

...didn’t seem counterintuitive, but rather unintuitive,
where I didn’t know what to expect.

Facets of intuition can arise in negative statements. For
example, this student indicates that unintuitive means not
knowing “what to expect,” implying that intuitive means
the opposite (knowing what to expect).

In interviews and, commonly, in preflight responses,
students said they rely on their intuition to check their
answers. For example, one preflight response said, “I'll use
my intuition to sanity check.” This use of intuition aligns
closely with this facet: checking the “sanity” of one’s
answers against one’s intuition relies on having an intuitive
expectation for what the answer ought to be.

2. “Physical” or observable in the “real-world”

To quote one interviewee, “A lot of intuition comes from
the physical world.” Students said they gained intuition
about physical systems by observing them, with their own
senses, in everyday life. Commonly, this facet arose when
students argued that classical mechanics is intuitive while
quantum mechanics is not. One interviewee said

Classical mechanics, I think that’s very intuitive because
it’s basically dealing with things that you can witness
happening.

On the other hand, a preflight response read

So many of the processes in quantum have little
to no reference in our day-to-day lives; there’s
not much we can do to intuit it in [our] minds
without a reference and so it becomes hard to concep-
tualize.

This student argues that quantum mechanics is not intuitive
for them because the systems under study do not relate to
their everyday experiences.

3. Related to prior intellectual experience

In addition to relying on real-world experience, students
can also gain intuition by relating new concepts to their
academic experiences—that is, to things they learned
previously, possibly in another class. For example, one
interviewee said
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If there’s something that I don’t really understand, 1
often try to connect it to other things that I've learned in
the past

Others related the ability to make such a connection to the
sense that something was intuitive. Along these lines,
another interviewee said

[if] I understand something as being intuitive, it’s, can I
look it at an equation or a sentence or something, a
graph and can I feel like it’s related to something else [
know very well?

Another interviewee said that, to them, intuitive “mostly
means relatable. Like I have something to draw off of.”
Similarly, one preflight response described the week’s
quantum topics as ‘“‘sort of intuitive because there are a
lot of parallels here to classical mechanics.” Connecting
what they were learning to something they already knew
granted this student some intuition for the new topics.

4. Something one experiences

This facet amalgamates three separate codes, each of
which referred to a nebulous, elusive sense of intuition. The
first code was for the idea that something is intuitive when
“it just makes sense,” as one interviewee described it. The
second related to the ability to make leaps of logic or
understanding: “‘something that you kind of subconsciously
put together,” as another interviewee said. The third was the
feeling that concepts you are learning build or fit together in
a satisfactory way. One interviewee, who considered
quantum mechanics intuitive, said

Everything aligns up and builds off of itself in a clear
and intuitive way. That’s sort of how physics works. And
it’s part of why I love it so much.

Each of these codes describe intuition in an abstract fashion
that is difficult to pin down. The idea that intuition can be felt
or experienced is also described by Marton et al. in their work
studying how Nobel laureates discuss scientific intuition [35].
An experience of intuition is potentially explained by other
facets. For example, perhaps something “just makes sense”
to you because it matches your expectation, or perhaps you
can “subconsciously” put something together because of
your prior intellectual experience. However, student state-
ments assigned to this facet described a sense or experience
of intuition without elaboration. One such statement read

[Intuitive] would mean having a natural feeling as to
what will happen or how things work, like, without being
told the rules without being told the math and everything
and you just know, based on a gut feeling.

This student described intuition as a “gut feeling,” which is
consistent with the idea that intuition can be experienced.

5. Mathematical intuition

Students often discussed mathematics as playing a role
in their intuitive understanding of physics, usually as an
aid, but also as a hindrance. One interviewee said

Intuition, for me is more in a mathematical sense. And
physics is a fun way to apply that mathematical
intuition, but it doesn’t have to necessarily make, like
real world sense for intuition for me to apply.

This student’s sense of intuition for math allowed them
to feel that the physics they were learning was intuitive as
well—even when that physics fails to make “real world
sense.” Similarly, a preflight response read

As long as the math makes sense to me then it’s intuitive
to my standards.

For these students, their mathematical intuition was
separable from—but played a key role in—their physical
intuition.

Conversely, although less frequently, other students
described the math as a barrier to their intuitive under-
standing. On one early preflight, one student justified their
counterintuitive selection by saying

The only thing that’s really messing me up is the math
and connecting it to the physics ...I'm very intimidated
by eigen stuff.

This student also separated their mathematical under-
standing from their physical understanding (the math
was the “only thing” messing them up), but they said
their difficulty with the math caused them to select
counterintuitive.

Many students said they considered math especially
relevant when making sense of or developing intuition in
quantum mechanics, in part because the theory is not
directly observable in everyday life. On a preflight, one
student chose the counterintuitive option but, in their
explanation, said

...because we are learning the math behind the strange-
ness, it is easier to comprehend

This student felt that learning the underlying math was
helping them overcome what they saw as the counterin-
tuitive nature of quantum strangeness.

For another student, though, mathematical intuition was
not enough to consider quantum mechanics intuitive. On a
preflight, they said

The math all feels intuitive but once you start thinking
about what the math is saying happens it feels somewhat
counterintuitive.
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This student considered the physical interpretation of the
math to be counterintuitive, despite considering the math
itself intuitive.

Finally, one student explicitly distinguished mathemati-
cal calculations from intuition, saying on a preflight

The concepts in quantum are easier to understand
because it relies more on calculations than intuitions.

This student saw the need for intuitive understanding as a
barrier to success, and found quantum mechanics easier
because, to them, it relied more on mathematics that did not
require intuition. Although this student presents calculation
as an alternative to intuition, most students appeared to
consider math as relevant to their sense of intuition.

6. Visualization

The final facet that arose was the idea that intuition is
related to one’s ability to visualize a problem in one’s head.
Here we discuss abstract visualization as opposed to
literally observing a physical scenario. Other research
has pointed to the utility of abstract visualization in
understanding quantum mechanics [49]. Abstract visuali-
zation might refer to a graph or other specific mathematical
tool, but it includes any sense in which someone claims to
“see” a physical concept or scenario in their head. The
relation between visualization and intuition is bidirectional:
visualization can help one gain intuition, and intuition can
help one visualize a problem.

One preflight response read

For me, the most intuitive learning was...if graphs were
involved that I could use to visualize what is physically
going on.

For this student, graphs (an abstract visualization) were a
key feature of “intuitive learning.” Meanwhile, another
response read

Intuition is somewhat important, as I have to fit ideas
and concepts into my cognition as something 1 can
visualize or otherwise manipulate in order to fully
understand them.

It is unclear whether this student sees intuition as an aid to
visualization, visualization as an aid to intuition, or the two
as intertwined. Regardless, abstract, “in one’s own head”
visualization arose as a distinct facet of intuition.

C. How does students’ sense of intuition relate
to their sense of struggle?

This section also addresses the second question from the
introduction: what does intuitive mean to students? We
consider the possibility that students’ sense of intuition is

entangled with their perception of how difficult the material
1s, and find some evidence in favor of this idea.

We have identified several meanings of intuitive in the
form of facets that describe the varied ways students use
the word. Zooming out from these nuances, interviewees
seemed to agree that physics was easier when it felt
intuitive. One interviewee said,

I just think it will be harder for you to learn the material
if you’re not having some sense of intuition for it.

This idea also arose in multiple preflight responses, one of
which read “I think that learning new things is easier with
intuition.” To what extent does students’ sense of intuition
relate to their sense of difficulty, or struggle, with the
material?

Approximately every other week on preflights, we asked
students to rank their struggle with six different categories
of the material on a scale of 0-3 (no struggle to severe
struggle). For each student, we calculated an overall
struggle score by summing their rankings for all six
categories over all preflights they responded to. We
normalized the overall score by dividing by the maximum
struggle the student could have reported: the number of
preflights they responded to multiplied by 6 (categories)
multiplied by 3 (maximum per-category ranking). To
address our question, we computed the correlation between
students’ overall struggle score and their self-reported sense
of intuition.

Spearman’s rank correlation coefficient between stu-
dents’ overall sense of struggle and the frequency with
which they selected intuitive was —0.54 (p < 0.001). We
expected a negative coefficient because we expect these
quantities to be inversely related: a student who reports
more struggle will presumably report less intuition. Each of
the six struggle categories independently exhibited a
statistically significant correlation with intuition, with math
having the weakest correlation, and physics and weirdness
having the strongest. The correlation between overall
struggle and intuition was stronger in the fall semester
(—0.63, p < 0.001) than in the spring semester (—0.49,
p < 0.001), possibly because the struggle and intuition
questions were asked on the same weekly preflights in the
fall, but on alternating weeks in the spring.

Overall, we did observe an anti-correlation between
students’ self-reported sense of struggle and their sense
of intuition as characterized on preflights. However, we do
not know if this correlation is due to a causal relationship
and, if so, which is the causal direction: do students report
more struggle because they find the material nonintuitive,
do they report less intuition because they find themselves
struggling, or were these two survey questions simply
measuring similar things because students consider intui-
tive and “lack of struggle” to mean similar things?
Independent of these questions, we see that when we
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discuss intuition with students, we also get a sense of how
much they consider themselves to be struggling with the
material.

D. Student reflections on intuition in quantum

This section addresses the third research question from
the introduction: how do students’ views on intuition affect
their approach to quantum courses? Our findings indicate
that students expected quantum mechanics to be non-
intuitive, prompting some to intentionally drop or ignore
their incoming intuitions.

On surveys and in interviews, students were asked to
reflect on intuition in quantum mechanics beyond simply
indicating whether they considered the subject matter
intuitive. In this section, we report on students’ expect-
ations about intuition in quantum, and also briefly discuss
the role that students consider intuition to play in their
learning.

1. Expectations: Cleaning the intuitive slate

On the first preflight each semester, which was due on
the first day of class, we asked students whether they
expected the material in quantum mechanics to be intuitive,
and how they expected it to compare to previous classes.
Over both semesters, 163 students responded. Of these
responses, 127 gave a clear answer to the question and
included some explanation. We coded students’ responses
as presented in Table IV.

A significant majority of students (78%) expected
quantum mechanics to be either nonintuitive or less
intuitive than other courses (or possibly both). Nine percent
of students expected quantum to be comparably intuitive to
their other physics courses, but did not indicate whether
they considered other courses intuitive. Only 6% of
students expected quantum to be intuitive or more intuitive
than other courses, and the remaining 6% were unsure what
to expect.

TABLE IV. Students’ expectations for intuition in quantum
mechanics, as described in responses to a prelecture survey
question that was due on the first day of class. The percentages in
the table are out of 127 student responses.

Students expect quantum mechanics to be... %

Nonintuitive (exclusively) 41 %
Less intuitive than other courses (exclusively) 25%
Both nonintuitive and less intuitive 9%
Comparably intuitive to other courses (exclusively) 9%
Both nonintuitive and comparably intuitive 3%
Intuitive or more intuitive than other courses 6%
Unsure or a mix of intuitive and nonintuitive 6%

Why do students expect quantum mechanics to be
nonintuitive, and what effect does this expectation have
on their approach to the course? We do not have a definitive
answer to the first question, but we do present some
speculation in the discussion. The interviews did, however,
provide insight into the second question.

Most interviewees claimed to have intentionally let go
of—or even ignored—their incoming intuitions at the start
of their quantum mechanics class. One interviewee sum-
marized as follows:

Coming into this class, like, like, I knew, like, things are
gonna be weird and things are gonna be counterintui-
tive. So I automatically dropped my assumptions before
[ started.

Because this student expected quantum to be counterin-
tuitive, they tried to approach the subject without making
intuitive assumptions. Similar statements were made in
most interviews, such as,

I came into the class, with this idea of, it’s not going to
behave in the way I think it’s going to behave...I kind of
Jjust wiped my slate clean.

For this student as well, the expectation that quantum
mechanics would behave differently than expected promp-
ted them to wipe their “intuitive slate” clean. Some
interviewees also suggested that the need to drop one’s
intuitions at the start of a new physics course was not
unique to quantum mechanics.

We can interpret students cleaning their intuitive slates
in both positive and negative lights. The awareness that
one’s intuitions must be adjusted in light of new evidence
could be considered evidence of intellectual maturity. A
third interviewee considered this to be one of their
strengths:

One of the things that makes me good at physics is I'm
pretty good at shifting my thinking, to, to match the
observations.

A fourth interviewee felt strongly that, as a student, “the
only thing we can do is to learn,” saying it was their job to
reconcile their intuitions with the new ideas and facts they
learned in class.

Although the willingness to adjust one’s intuitions is
important, it is potentially concerning that students have so
little faith in their existing physical intuitions when it comes
to learning quantum mechanics. One student called this out
on a preflight:

There is some notion of a quantum intuition forming in
my head, though at the moment it mostly just consists of
“don’t listen to classical intuition.” This is not great...
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The student was concerned that knowing to ignore their
classical intuition, “only eliminates one wrong idea rather
than pointing me toward the correct thought process.”
Although naively applied classical intuition may fail for
quantum systems, quantum mechanics is not so hopelessly
“weird” and disconnected from other subjects that classical
intuition is never useful.

On a positive note, although most students expected
quantum mechanics to be nonintuitive, and many may have
dropped their incoming intuitions as a consequence, a
number of students expressed faith that, with time, they
would develop a new, “quantum” intuition.

2. The role of intuition in learning quantum

On surveys and in interviews, we asked students how
important intuition was to them personally when learning
physics. For some students, intuition is essential; for others,
it barely matters (although they may still consider it nice to
have). One preflight response said intuition plays a “very
very very very large role” in doing physics; meanwhile,
another student said in an interview

At some point intuition doesn’t really matter and you
have to trust the theory.

A second preflight response said intuition is “not very
important. I just need to see the math,” while a third
considered intuition

The main part of physics to me. Without intuition, I'm
Jjust doing math.

Preflights and interviews both contained a range of
ideas about the importance of intuition in physics,
although more students considered intuition important than
unimportant.

Intuition can be useful to students in a variety of ways.
Many students suggested that intuition could be used to
check or make sense of their solutions to problems, which
is related to the matching one’s expectations facet of
intuition. Some students made the point that their lack
of intuition in quantum mechanics meant they could not tell
if their solutions were reasonable. Intuition can also be
relevant at the start of problems: some students suggested
that intuitive insight was often required to identify a
solution path. A handful of students said that intuition
was not so important in the classroom, but that it was
important when doing physics research.

As discussed above, when considering the relationship
between intuition and struggle, one common idea
expressed by most students was that physics becomes
easier when you have intuition. This could be localized to
specific content (e.g., analyzing spin-¥2 systems is easier
once you develop an intuition for them), but a small number
of students expressed that physics was difficult for them in

general because they tended to lack intuition for it. One
interviewee who had previously made this point said

I would obviously say I don’t think [intuition] is that
important...because without intuition, I can still usually
try to understand what’s happening anyway. I guess,
like, it isn’t a requirement...I think it really helps.

This person and another interviewee both indicated that
their success in physics to this point was despite their
perceived lack of intuition, implying that their continued
participation in physics required a degree of resiliency.
These remarks suggest that students’ sense of intuition may
play arole in their self-efficacy or possibly in their sense of
physics identity.

V. DISCUSSION

In this section, we reflect on key findings and also
discuss limitations of this work. Over two semesters of
undergraduate quantum mechanics, we regularly asked
students to characterize what they were learning as intui-
tive, unintuitive, or counterintuitive. We found that, half the
time, students considered things intuitive, and, when they
did not, they were more likely to say things were unin-
tuitive than counterintuitive. This may be surprising given
quantum mechanics’ popular reputation and given that
quantum topics are often called counterintuitive in PER
literature.

Before the study, we naively expected a strong correla-
tion between sense of intuition and course performance.
Further reflection led to some counterarguments; for
example, we might expect strong students to recognize
counterintuitive elements of quantum mechanics. It turned
out that students’ self-reported sense of intuition was, at
most, weakly correlated with their exam scores. We can
think of at least three possible explanations for this lack of
correlation. First, students may be imperfect judges of
whether or not they find material intuitive. Second, differ-
ent students value intuition differently: where some may
consider it crucial to their success, others may not. Third,
students have different ideas about what intuition is and
how it relates to answering questions correctly.

We asked students to describe their expectations for
intuition in quantum mechanics, and conducted 11 inter-
views about this topic. We learned that a significant
majority of students initially expect quantum mechanics
to be somehow nonintuitive or less intuitive than other
physics courses. Interviews provided evidence that, as a
consequence of this expectation, many students may
consciously drop their incoming intuitions at the start of
their quantum class. This helps explain why unintuitive was
more common than counterintuitive in preflight responses:
something cannot disagree with your intuition—it cannot
be counterintuitive—if you intentionally disregard your
intuitions.
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One possible reason why the surveyed students expected
quantum mechanics to be nonintuitive is that they had all
seen some quantum topics in their sophomore-level modern
physics course. Some students mentioned this in their
preflight response, saying they considered the subject
nonintuitive then and expected it to be similar now. A
second possible reason is that quantum mechanics is often
described as “weird” both in popular culture and within the
physics community. A third possible reason is that upper-
division students may be noticing a trend of increasingly
difficult and nonintuitive subject matter covered in their
physics courses. Many preflight responses mentioned that
upper-division electricity and magnetism had been math-
ematically intensive and, as a result, nonintuitive, and some
said the same of middle-division classical mechanics. More
study is required to discern the reasons behind students’
expectations for intuition in quantum mechanics.

We identified six facets of intuition. The facets arose
empirically from the data, but also relate to prior research in
the field. For example, real-world observability and visuali-
zation were both previously found to be relevant for students’
epistemologies in quantum mechanics [50]. The idea that
intuition is something one experiences is similar to a theme
identified in [35]. The idea that students find quantum
mechanics less intuitive than classical mechanics, and as a
consequence rely on mathematical understanding over con-
ceptual understanding, has been reported elsewhere [34].

This study has several limitations, including the fact that
students’ perspectives on quantum mechanics were likely
biased due to their prior exposure to the material. Although
the study includes 163 students from two semesters, all
students were in the same quantum mechanics class with the
same professor. The professor considered helping students
develop intuition to be an instructional goal, which may have
biased students’ perspectives on intuition. Moreover, inter-
viewed students had been answering a preflight question
about intuition on a biweekly basis leading up to their
interviews, meaning they may have been thinking about
intuition in quantum mechanics more than they otherwise
would have been. Finally, the study was conducted during a
period of emergency remote teaching prompted by the
COVID-19 pandemic, which presented extraordinary and
difficult circumstances for many students. Thus, although we
have reported statistically meaningful results, their general-
izability to other student populations remains open to
investigation. We believe many of these limitations are
mitigated by the qualitative focus of this study. For example,
the six facets of intuition we identified may be useful to
instructors and other researchers even if additional uniden-
tified facets were to be relevant in other contexts.

VI. IMPLICATIONS FOR INSTRUCTION

We did not observe a strong correlation between stu-
dents’ self-reported sense of intuition and their grades. This
suggests that, at least in our course, the instructional goal of

helping students develop a sense of intuition is independent
from the instructional goal of helping students achieve
good grades. The professor of the course included in this
study valued both goals, but the correlation was weak
nonetheless. If instructors value intuition as an instructional
goal, they likely need to address it explicitly.

It may be useful for instructors to know that students
might expect quantum mechanics to be nonintuitive and
furthermore that students may attempt to disregard their
incoming intuitions. Distinguishing quantum and classical
physics is a reasonable instructional goal. In our case,
though, students already appeared to recognize this dis-
tinction, at least when it came to their sense of intuition. We
have not investigated reasons for this, but it may have been
due to our students’ prior exposure to quantum topics in
their academic career. We believe this leaves room for
instruction to encourage students to refine their incoming
intuitions instead of leaving them at the door. For example,
instruction could point out cases where classical intuitions
can be carefully and productively applied to quantum
systems.

Instructors should first confirm that their students have
similar incoming expectations. Instructors should also
realize that students may have significantly varied pers-
pectives on whether quantum topics are intuitive. Students
may also have varied working definitions of intuitive, and
may or may not consider intuition important. Some
considered intuition paramount, while others thought it
was unnecessary. Nonetheless, most students seemed to
agree that intuition (however defined) makes learning
physics easier.

We emphasize that, despite initial expectations, students
classified what they were learning as intuitive approxi-
mately half the time. Evidently, there is significant oppor-
tunity for students to develop intuition in quantum
mechanics. We believe that the facets of intuition we
identified point to ideas instructors can focus on when
discussing intuition.

Although real world, everyday life observability is more
difficult in quantum physics as opposed to classical
physics, instructors can recognize this difficulty explicitly
and draw students’ attention to other facets. For example,
abstract visualization can provide a useful alternative to
direct observability. Students can also be encouraged to
practice making qualitative predictions about quantum
systems, which both emphasizes that one can have intuitive
expectations for quantum mechanics and allows students to
sharpen these intuitions. Familiar mathematics can also be
used to guide students’ intuition, as can connections to
physical examples or other knowledge that students have
prior experience with. These elements probably already
exist in most quantum courses, but it may be worth
occasionally presenting them with the explicit, announced
purpose of helping students form intuitions.

We have mentioned five facets of intuition, but the
sixth—intuition as something one experiences—is harder
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to integrate directly into instruction: we do not have a
prescription to make physics “just make sense.”

VII. CONCLUSION

We used a mixed-methods approach to investigate
students’ perceptions of intuition in two semesters of an
upper-division undergraduate quantum mechanics course.
We found that there is room for intuition in quantum
mechanics, but that the majority of our students enter
the class expecting the subject to be nonintuitive or
less intuitive than other courses. Some students claim
to intentionally disregard their incoming intuitions and,
consistently, view quantum as more unintuitive than
counterintuitive.

The present study could be extended in several ways.
The study could be repeated in other quantum courses,
ideally at other institutions, to determine whether the
quantitative patterns hold true for other student populations
taught by other instructors. For example, it could be
interesting to compare the results between this class, which
uses a “spins-first” instructional paradigm, and a “position-
first” class. Future studies could also disentangle struggle
and intuition: we observed a correlation between students’
self-reported senses of struggle and of intuition, but
discussion of struggle or ease did not arise in the facets
of intuition, suggesting that the correlation may be
nontrivial.

The facets of intuition presented in this paper can support
future work. The mathematical intuition category was
especially rich, and a future study could potentially identify
subcategories. A study of a broader population of quantum

students could reveal how common each facet is relative to
the others. Extended studies could also be conducted in
nonquantum physics courses—or even in nonphysics
courses—which would allow for comparisons between
these contexts, both in terms of the relative frequency of
each facet, as well as to see if wholly new definitions of
intuitive arise in other contexts. One might hypothesize, for
example, that students would approach intuition differently
in classical mechanics than they do in quantum mechanics
(or in, say, a computer science class), or that their beliefs
about intuition might evolve over their tenure in a physics
major. A longitudinal study could track the evolution of
students’ perspectives on intuition throughout their aca-
demic career. A future investigation could also examine the
ways that and extent to which students use each facet of
intuition when solving problems related to various topics.

Overall, student statements about intuition were rich, and
they often touched on other PER topics, such as math-
physics connections or student self-efficacy. We consider
intuition a powerful lens for investigations into practi-
tioners’ perspectives on learning, knowing, and doing
physics.

ACKNOWLEDGMENTS

We are grateful for the illuminating and unique per-
spectives of all the students included in our study. We also
thank Bethany Wilcox for her support and Jessica Hoehn
for her extensive feedback. This material is based upon
work supported by the National Science Foundation under
Grants No. PHY-2012147 and No. 2011958, as well as
No. DUE 1626280, No. 1626594, and No. 1626482.

[11 S.B. McKagan, K. K. Perkins, M. Dubson, C. Malley, S.
Reid, R. LeMaster, and C.E. Wieman, Developing and
researching PhET simulations for teaching quantum me-
chanics, Am. J. Phys. 76, 406 (2008).

[2] A. Pereira, F. Ostermann, and C. Cavalcanti, On the use of
a virtual Mach-Zehnder interferometer in the teaching of
quantum mechanics, Phys. Educ. 44, 281 (2009).

[3] C. Singh, G. Zhu, M. Sabella, C. Henderson, and C. Singh,
Cognitive issues in learning advanced physics: An example
from quantum mechanics, AIP Conf. Proc. 1179, 63
(2009).

[4] P.J. Emigh, G. Passante, and P. S. Shaffer, Student under-
standing of time dependence in quantum mechanics, Phys.
Rev. ST Phys. Educ. Res. 11, 020112 (2015).

[5] M. K. Pedersen, B. Skyum, R. Heck, R. Miiller, M. Bason,
A. Lieberoth, and J. F. Sherson, Virtual learning environ-
ment for interactive engagement with advanced quantum
mechanics, Phys. Rev. Phys. Educ. Res. 12, 013102
(2016).

[6] B. Modir, J.D. Thompson, and E.C. Sayre, Students’
epistemological framing in quantum mechanics problem
solving, Phys. Rev. Phys. Educ. Res. 13, 020108
(2017).

[7]1 K. Krijtenburg-Lewerissa, H.J. Pol, A. Brinkman, and
W.R. van Joolingen, Insights into teaching quantum
mechanics in secondary and lower undergraduate educa-
tion, Phys. Rev. Phys. Educ. Res. 13, 010109 (2017).

[8] R. Sayer, A. Maries, and C. Singh, Quantum interactive
learning tutorial on the double-slit experiment to improve
student understanding of quantum mechanics, Phys. Rev.
Phys. Educ. Res. 13, 010123 (2017).

[9] C.D. Porter and A.F. Heckler, Graduate student misun-
derstandings of wave functions in an asymmetric well,
Phys. Rev. Phys. Educ. Res. 15, 010139 (2019).

[10] P.J. Emigh, E. Gire, C. A. Manogue, G. Passante, and P. S.
Shaffer, Research-based quantum instruction: Paradigms
and Tutorials, Phys. Rev. Phys. Educ. Res. 16, 020156
(2020).

010109-14


https://doi.org/10.1119/1.2885199
https://doi.org/10.1088/0031-9120/44/3/008
https://doi.org/10.1063/1.3266755
https://doi.org/10.1063/1.3266755
https://doi.org/10.1103/PhysRevSTPER.11.020112
https://doi.org/10.1103/PhysRevSTPER.11.020112
https://doi.org/10.1103/PhysRevPhysEducRes.12.013102
https://doi.org/10.1103/PhysRevPhysEducRes.12.013102
https://doi.org/10.1103/PhysRevPhysEducRes.13.020108
https://doi.org/10.1103/PhysRevPhysEducRes.13.020108
https://doi.org/10.1103/PhysRevPhysEducRes.13.010109
https://doi.org/10.1103/PhysRevPhysEducRes.13.010123
https://doi.org/10.1103/PhysRevPhysEducRes.13.010123
https://doi.org/10.1103/PhysRevPhysEducRes.15.010139
https://doi.org/10.1103/PhysRevPhysEducRes.16.020156
https://doi.org/10.1103/PhysRevPhysEducRes.16.020156

UPPER DIVISION PHYSICS STUDENTS DO ...

PHYS. REV. PHYS. EDUC. RES. 19, 010109 (2023)

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

K. Krijtenburg-Lewerissa, H.J. Pol, A. Brinkman, and
W.R. van Joolingen, Secondary school students’ misun-
derstandings of potential wells and tunneling, Phys. Rev.
Phys. Educ. Res. 16, 010132 (2020).

C. Singh and G. Zhu, Improving students’ understanding
of quantum mechanics by using peer instruction tools, AIP
Conf. Proc. 1413, 77 (2012).

A. Maries, R. Sayer, and C. Singh, Effectiveness of
interactive tutorials in promoting “which-path” information
reasoning in advanced quantum mechanics, Phys. Rev.
Phys. Educ. Res. 13, 020115 (2017).

E. Marshman and C. Singh, Investigating and improving
student understanding of quantum mechanics in the context
of single photon interference, Phys. Rev. Phys. Educ. Res.
13, 010117 (2017).

F. Marton, Phenomenography—describing conceptions of
the world around us, Instr. Sci. 10, 177 (1981).

F. Marton, Phenomenography—a research approach to
investigating different understandings of reality, J. Thought
21, 28 (1986), https://www.jstor.org/stable/42589189.

K. Cloninger, Making intuition practical: A new theoretical
framework for education, Curric. Teach. Dialogue 8, 15
(2006).

M. Kryjevskaia, M. R. Stetzer, and N. Grosz, Answer first:
Applying the heuristic-analytic theory of reasoning to
examine student intuitive thinking in the context of
physics, Phys. Rev. ST Phys. Educ. Res. 10, 020109
(2014).

A.K. Wood, R.K. Galloway, and J. Hardy, Can dual
processing theory explain physics students’ performance
on the Force Concept Inventory?, Phys. Rev. Phys. Educ.
Res. 12, 023101 (2016).

C.R. Gette, M. Kryjevskaia, M. R. Stetzer, and P.R.L.
Heron, Probing student reasoning approaches through the
lens of dual-process theories: A case study in buoyancy,
Phys. Rev. Phys. Educ. Res. 14, 010113 (2018).

M. Kryjevskaia, P. R. L. Heron, and A. F. Heckler, Intuitive
or rational? Students and experts need to be both, Phys.
Today 74, 08, 28 (2021).

L. C. McDermott and P. S. Shaffer, Tutorials in Introduc-
tory Physics (Pearson College Div., Upper Saddle River,
NJ, 2001).

P. S. Shaffer and L. C. McDermott, Research as a guide for
curriculum development: An example from introductory
electricity. Part II: Design of instructional strategies, Am. J.
Phys. 60, 1003 (1992).

A. Elby, Helping physics students learn how to learn, Am.
J. Phys. 69, S54 (2001).

M. C. Wittmann and J. T. Morgan, Foregrounding episte-
mology and everyday intuitions in a quantum physics
course for nonscience majors, Phys. Rev. Phys. Educ. Res.
16, 020159 (2020).

L. Bao and E.F. Redish, Understanding probabilistic
interpretations of physical systems: A prerequisite to
learning quantum physics, Am. J. Phys. 70, 210 (2002).
A. DiSessa, Changing Minds: Computers, Learning, and
Literacy (MIT Press, Cambridge, MA, 2000), Chap. 5.
M. T. Chi and J. D. Slotta, The ontological coherence of
intuitive physics, Cognit. Instr. 10, 249 (1993).

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]
[40]

[41]

[42]
[43]

[44]

[45]

[46]

010109-15

R. Brock, Intuition and insight: Two concepts that illumi-
nate the tacit in science education, Studies Sci. Educ. 51,
127 (2015).

B. Sherin, Common sense clarified: The role of intuitive
knowledge in physics problem solving, J. Res. Sci. Teach.
43, 535 (20006).

C. Singh, When physical intuition fails, Am. J. Phys. 70,
1103 (2002).

V. Dini and D. Hammer, Case study of a successful
learner’s epistemological framings of quantum mechanics,
Phys. Rev. Phys. Educ. Res. 13, 010124 (2017).

I.E. Hanemann, J.R. Hoehn, and N.D. Finkelstein,
Characterizing differences in students’ epistemologies
between classical and quantum physics, in Proceedings
of PER Conf. Proc. 2018, Washington, DC, 10.1119/
perc.2018.pr.Hanemann.

B. W. Dreyfus, J.R. Hoehn, A. Elby, N.D. Finkelstein,
and A. Gupta, Splits in students’ beliefs about learning
classical and quantum physics, Int. J. STEM Educ. 6, 31
(2019).

F. Marton, P. Fensham, and S. Chaiklin, A Nobel’s eye
view of scientific intuition: Discussions with the Nobel
prize winners in physics, chemistry and medicine
(197086), Int. J. Sci. Educ. 16, 457 (1994).

D. Hammer and A. Elby, Tapping epistemological resour-
ces for learning physics, J. Learn. Sci. 12, 53 (2003).

W. K. Adams, K. K. Perkins, N. S. Podolefsky, M. Dubson,
N. D. Finkelstein, and C. E. Wieman, New instrument for
measuring student beliefs about physics and learning
physics: The Colorado Learning Attitudes about Science
Survey, Phys. Rev. ST Phys. Educ. Res. 2, 010101 (2006).
A. Johansson, Undergraduate quantum mechanics: Lost
opportunities for engaging motivated students?, Eur. J.
Phys. 39, 025705 (2018).

The university’s statistics only report gender as a binary.
D. H. Mclntyre, Quantum Mechanics: A Paradigms Ap-
proach (Pearson Education, Inc., San Francisco, CA,
2012).

S. Pollock, G. Passante, and H. Sadaghiani, Adaptable
curricular excercises for quantum mechanics, https://www
.physport.org/curricula/ACEQM/.

The use of “preflights” was motivated by [43].

G. Novak, Just-In-Time Teaching: Blending Active Learn-
ing with Web Technology (Prentice Hall, Upper Saddle
River, NJ, 1999).

G. Corsiglia, T. Garcia, B. P. Schermerhorn, G. Passante,
H.R. Sadaghiani, and S.J. Pollock, Characterizing and
monitoring student discomfort in upper-division quantum
mechanics, in Proceedings of PER Conf. 2020, virtual
conference, 10.1119/perc.2020.pr.Corsiglia.

A. Pawlak, P. W. Trving, and M. D. Caballero, Learning
assistant approaches to teaching computational physics
problems in a problem-based learning course, Phys. Rev.
Phys. Educ. Res. 16, 010139 (2020).

The use of the term facet is inspired by Minstrell (and
Redish) [47,48], but there are some differences in how we
use the word. Minstrell uses facet to refer to distinct pieces
of knowledge or strategies that students appear to employ
when solving physics problems, but in this paper facets are


https://doi.org/10.1103/PhysRevPhysEducRes.16.010132
https://doi.org/10.1103/PhysRevPhysEducRes.16.010132
https://doi.org/10.1063/1.3679998
https://doi.org/10.1063/1.3679998
https://doi.org/10.1103/PhysRevPhysEducRes.13.020115
https://doi.org/10.1103/PhysRevPhysEducRes.13.020115
https://doi.org/10.1103/PhysRevPhysEducRes.13.010117
https://doi.org/10.1103/PhysRevPhysEducRes.13.010117
https://doi.org/10.1007/BF00132516
https://www.jstor.org/stable/42589189
https://www.jstor.org/stable/42589189
https://www.jstor.org/stable/42589189
https://doi.org/10.1103/PhysRevSTPER.10.020109
https://doi.org/10.1103/PhysRevSTPER.10.020109
https://doi.org/10.1103/PhysRevPhysEducRes.12.023101
https://doi.org/10.1103/PhysRevPhysEducRes.12.023101
https://doi.org/10.1103/PhysRevPhysEducRes.14.010113
https://doi.org/10.1063/PT.3.4813
https://doi.org/10.1063/PT.3.4813
https://doi.org/10.1119/1.16979
https://doi.org/10.1119/1.16979
https://doi.org/10.1119/1.1377283
https://doi.org/10.1119/1.1377283
https://doi.org/10.1103/PhysRevPhysEducRes.16.020159
https://doi.org/10.1103/PhysRevPhysEducRes.16.020159
https://doi.org/10.1119/1.1447541
https://doi.org/10.1080/07370008.1985.9649011
https://doi.org/10.1080/03057267.2015.1049843
https://doi.org/10.1080/03057267.2015.1049843
https://doi.org/10.1002/tea.20136
https://doi.org/10.1002/tea.20136
https://doi.org/10.1119/1.1512659
https://doi.org/10.1119/1.1512659
https://doi.org/10.1103/PhysRevPhysEducRes.13.010124
https://doi.org/10.1119/perc.2018.pr.Hanemann
https://doi.org/10.1119/perc.2018.pr.Hanemann
https://doi.org/10.1186/s40594-019-0187-y
https://doi.org/10.1186/s40594-019-0187-y
https://doi.org/10.1080/0950069940160406
https://doi.org/10.1207/S15327809JLS1201_3
https://doi.org/10.1103/PhysRevSTPER.2.010101
https://doi.org/10.1088/1361-6404/aa9b42
https://doi.org/10.1088/1361-6404/aa9b42
https://www.physport.org/curricula/ACEQM/
https://www.physport.org/curricula/ACEQM/
https://www.physport.org/curricula/ACEQM/
https://doi.org/10.1119/perc.2020.pr.Corsiglia
https://doi.org/10.1103/PhysRevPhysEducRes.16.010139
https://doi.org/10.1103/PhysRevPhysEducRes.16.010139

CORSIGLIA, POLLOCK, and PASSANTE

PHYS. REV. PHYS. EDUC. RES. 19, 010109 (2023)

[47]

(48]

[49]

distinct ways that students discuss intuition. Similar to
Minstrell’s approach, a facet of intuition generalizes several
students’ remarks.

J. Minstrell, Facets of students’ knowledge and relevant
instruction, in Research in Physics Learning: Theoretical
Issues and Empirical Studies (Kiel Publishing, Kiel,
Germany, 1992), p. 110.

E. F. Redish, Teaching Physics with the Physics Suite (John
Wiley & Sons Inc., Somerset, 2003).

E. Cataloglu and R. W. Robinett, Testing the development
of student conceptual and visualization understanding

(50]

in quantum mechanics through the undergraduate career,
Am. J. Phys. 70, 238 (2002).

J.R. Hoehn and N.D. Finkelstein, Investigating and
promoting epistemological sophistication in quantum
physics, in Proceedings of PER Conf, 2017, Cincinnati,
OH, 10.1119/perc.2017 juried.002.

Correction: The previously published Fig. 3 contained

010109-16

incorrect percentages and has been replaced.


https://doi.org/10.1119/1.1405509
https://doi.org/10.1119/perc.2017.juried.002

