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Abstract

Quantum entanglement is a challenging concept within the field of physics
education, often eluding a full grasp by both educators and learners alike. In this
paper, we report findings from a two-phase empirical study into the views of
entanglement held by pre-service physics teachers and physics students from various
universities. In the first phase, we utilized a questionnaire consisting of open-ended
questions which was completed by 31 pre-service physics teachers. The study
participants’ ideas were explored using qualitative content analysis which led to the
creation of rating scale items used in study phase 2. These items were administered to
a broader cohort including 73 physics university students in order to capture the
learners’ agreement or disagreement with the questionnaire statements, and hence,
helped to validate and substantiate the in-depth insights from study phase 1. Key
findings revealed widespread accurate notions, like the need to consider the entire
system when examining entangled states. However, less elaborated views were also
identified, including ideas such as that measurements of entangled states always
show perfect (anti-)correlation. Another striking observation was the confusion
between quantum entanglement and superposition. In the case of quantum
teleportation, many participants seemed to have a basic grasp of the concept,
although a number of misconceptions were apparent, notably the idea that quantum
entanglement enables faster-than-light communication. Practically, the findings can
assist educators in anticipating and addressing widespread (mis-)conceptions, paving
the way for more effective instruction in quantum mechanics and its real-world
applications, such as quantum cryptography and computing.

Keywords: Quantum physics; Entanglement; Teleportation; Empirical study

1 Introduction

Quantum entanglement is one of the fundamental quantum concept relevant to advances
in second-generation quantum technologies (QTs) [1, 2]. The use of entanglement enables
a new kind of parallelism within quantum computing and, hence, a speedup with regards
to solving special computational problems [3], as well as physically secure communication
using entanglement in quantum teleportation [4, 5]. In addition, the 2022 Nobel Prize
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“for experiments with entangled photons, establishing the violation of Bell inequalities
and pioneering quantum information science” awarded to Alain Aspect, John Clauser and
Anton Zeilinger [6] has brought public attention to the topic.

With these technologies gaining industrial relevance, there is a growing need for a well-
educated quantum workforce as well as a quantum aware general public [7-9]. In Europe,
efforts to train the future quantum workforce are driven by the Quantum Flagship [10],
which provides the European Competence Framework for Quantum Technologies [11]
and supports efforts such as the development of master’s programs within the DigiQ
project [12] or the development of industrial training in QTIndu [13].

However, today’s quantum physics education usually starts in school. While entan-
glement is currently not widely present in school curricula [14], it is expected to make
its way into syllabi with the increasing relevance of QT in industry. At the same time,
quantum physics and especially quantum entanglement have often been considered in-
comprehensible or “spooky”. For the above reasons, the views of entanglement held by
pre-service physics teachers are of particular relevance when designing instructional se-
quences, physics teacher training courses or lecture series. The latter objective is not only
interesting for pre-service physics teachers but, more general, for today’s physics learners
in schools and beyond.

This is where this paper comes in: We report the findings of a two-phase empirical study
into learners’ views of quantum entanglement. In phase 1, we used a questionnaire con-
sisting of open-ended questions to explore pre-service physics teachers views of quantum
entanglement. To substantiate the findings from phase 1, we used a questionnaire in phase
2 consisting of statements exhibiting views that emerged from the first survey round re-
sults. We administered the questionnaire to physics university students to rate their degree
of (dis-)agreement with these statements on a rating scale. Details of the study design can
be found in Sect. 4. The results are presented in Sect. 5, followed by a discussion in Sect. 6.
We provide implications for both educational research and practice based on our findings
in Sect. 7. In the next Sect. 2, we provide an overview of the theoretical background un-
derlying our study.

2 Theoretical background
2.1 Quantum entanglement and teleportation: a brief overview
A qubit or quantum bit is the backbone of quantum information science and technolo-
gies and the fundamental building block for quantum computing and communication.
The computational qubit with basis states |0) and |1) is an abstraction from any kind of
physical realization, e.g., the polarisation states of photons or spin states of electrons. For
an extended introduction into quantum concepts like superposition or entanglement, in
particular using the Dirac notation we refer the reader to Refs. [15, 16].

The general state of a qubit is a superposition state of the basis states |0) and |1):

V) =al0)+B1), 1

with |a|? + |8|?> = 1, a, B € C. For an entangled quantum state, at least (and in the easiest
case) two qubit states |y1) and |y,) are required. In cases where two-qubit systems are in a
state that can be written as the product of the two individual qubits, i.e., |¥12) = |¥1) @ |¥5),
the qubits are referred to as separable or unentangled. In contrary, if the overall state can
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not be expressed as a product of the individual states, the qubits are referred to as entan-

gled. Consequently, to describe a system of entangled qubits the whole system has to be

considered, not its parts alone: Since the parts themselves can not be described individu-

ally, measurements on entangled states will lead to correlations in the outcomes.
Popular entangled states are the so-called Bell states

1
2
1

2

where [01) = |0); ® |1), is a short notion referring to the states of the two qubits involved.

|®*)= —(|00) £11)) and @)

S

| W) = —(]01) £110)), 3)

These four Bell states are maximally entangled and measurements of the respective ob-
servable would lead to perfect (anti-)correlation. For example, if two qubits are prepared
in the state |®*) and measured in the 01-basis, one qubit will always be measured in the
same state as the other, either |0) or |1): Though it is not predictable which of these states
one specific qubit takes, after the measurement of one state the other can be predicted to
be measured in the same state.

Quantum teleportation describes the process of “teleporting” the state of one quantum
object to another quantum object using an entangled pair of quantum objects, e.g., pho-
tons [17]. The first experimental realization of quantum teleportation by the Zeilinger
group [18] dates back to 1997.

For quantum teleportation, three quantum objects are required. The first quantum ob-
ject S (“state to send”) contains the information that should be transferred in form of a
one-qubit state, e.g., |/s) =« |0) + B|1). The further two quantum objects A and B are
in an entangled state, e.g. the Bell state |®}, ), and have to be shared between a sender A
(commonly referred to as “Alice”) and a receiver B (“Bob”). Therefore the overall state of
the three objects becomes

[¥sap) = [¥s) ® |Dhg)- (4)

First, the sender Alice has to make the first quantum object interact with one of the two
quantum objects of the entangled pair: a so-called Bell measurement has to be conducted.
Hereby, quantum objects S and A are measured to be in one of the Bell states (equations
(2), (3)). Consequently, this leaves the overall state [s45) to be either of the following:

|0%4) ® (0)5 + BI1)5) or (5)
|@54) ® (@100 - B11)5) or )
|Ws,) ® (]1)5 + B10)5) or @)
|W5,) ® («11)5 - B10)5) @)

Based on the measurement results, a specific, physically easy interaction with quantum
object B (a so-called Pauli-transformation) is necessary in order for Bob to receive state
|¥g) = @ |0) + B|1). To conduct this, classical information needs to be transmitted from
Alice to Bob, to convey which measurement result Alice observed and thus which ma-
nipulation is needed. For that reason, faster-than-light transmission of information is not
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possible. Finally, the third quantum object B remains in the initial state of the first ob-
ject S, while it is not possible to reconstruct this state at the first object. For a detailed
presentation see e.g. [2, 16].

2.2 Physics education research on entanglement

Physics Education Research (PER), amongst other things, uncovers how learners under-
stand physics topics and concepts and how to support them in their learning processes
[19-21]. Particularly, research on learners’ conceptions of topics in quantum physics, has
become a topic of interest in PER in recent years [22—27]. It is evident that quantum con-
cepts like quantum entanglement are frequently linked with mysticism and science fic-
tion [28], and students tend to be unaware of applications of quantum physics concepts in
their everyday lives [29]. This calls for the design of educational approaches to enlighten
and instruct students in quantum physics in general and regarding topics such as quantum
entanglement in particular [30].

Over the past few decades, diverse teaching strategies on how to introduce quantum
mechanics in secondary or higher education settings have emerged from PER, some of
which have been evaluated empirically [28, 31-38]. Although some courses include the
concepts of quantum entanglement and non-locality, most of them do not include entan-
glement as a core content. For instance, 20 years ago Miiller and Wiesner [38], who explic-
itly mentioned the relevance of quantum entanglement, noted that the concept was not
included in their secondary school teaching concept due to time constraints. Apart from
teaching concepts and educational paths themselves, real experiments [39—-42], simula-
tions [43] and interactive screen experiments [44, 45] that can be used to enrich learning
environments focusing on quantum entanglement have been brought forth.

Also, educational games aimed at fostering students’ understanding of quantum entan-
glement have been developed [46—49]: The educational game Quantum Tic-Tac-Toe [48]
is a game built around the classical game of Tic-Tac-Toe where different levels of “quan-
tumness” are employed. There exists an online application for direct classroom use [50].
This application has been used in the context of an intervention study on the high school
level, and has been shown to have a positive effects on student understanding [36].

Chiofalo et al. [36] analysed conversations during data collection in which students ex-
plained the concept of quantum entanglement to their classmates. The authors found that
75% of the study participants believed that entanglement is being characterized by quan-
tum objects not being independent of each other but their measurement to be correlated.
Additionally, 15% of the participants understood entanglement as the fact that properties
can not be assigned to an individual entangled quantum object. Only once they are mea-
sured, individual properties can be determined as the subsystems are no longer entangled.
A tenth of the participants used ‘entanglement’ in equivalent to the term ‘superposition’
The confusion of these two concepts became even more apparent when the subjects were
asked to explain the difference. Here, 30% of the students confused quantum entanglement
with superposition instead of clearly distinguishing them.

Kohnle and Deffebach [51] conducted a study exploring misconceptions of entangle-
ment held by university students. Up to 35% of the participants were found to have the
idea that—in the case of pairs of entangled quanta—the measurement of one quantum ob-
ject always completely determines the measurement result of the second quantum object.
Thus, according to the learners asked, the measurements on entangled quantum objects
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will always show perfect (anti-)correlations. This is in fact not in line with the scientific
view, as the degree of correlation is dependent on the observable measured. However, it
is emphasized that learners who only talk about perfect correlation need to explore the
transition from maximal to non-maximal entanglement. Simulations of quantum entan-
glement are recommended for this purpose [43]. Further misconceptions uncovered in
their study are associated with the mathematical description and physical interpretation
of quantum states. In their conclusions, the authors also point to the confusion of entan-
glement and superposition observed by Chiofalo et al. [36].

3 Research question

As shown in the previous section, PER has brought forth numerous educational proposals
for teaching the topic of entanglement. In the sense of the Model of Educational Recon-
struction, however, the subject and the learner perspective have to be considered equally
in the design of learning environments—in a nutshell: a solid understanding of learners’
view of entanglement may inform the development of instructional materials on the topic
under investigation tailored to the learners’ needs. However, the systematic exploration of
learners’ qualitative conceptions of quantum entanglement is a research desideratum to
date.

In this article, we touch upon the identified research desideratum by posing the follow-
ing research question:

What views do learners (i.e., pre-service physics teachers and university physics students)
have of quantum entanglement with regards to...

(i) ...entangled sates?
(ii) ...quantum teleportation?

(iil) ...applications?

We justify the selection of these three specific domains (i) to (iii) through (a) their rele-
vance for or connection to current (secondary school) curricula and (b) their representa-
tion in previous physics education research and development helping us to contextualize
our study within the existing body of literature.

4 Methods

4.1 Study design and sample

To answer the research question, a two-stage study has been conducted (see Fig. 1). The
first part of the study was designed as a questionnaire survey. The questionnaire consisted
of open-ended questions (for a detailed description of the instruments see the following
Sects. 4.2.1 and 4.2.2) and was administered to N = 31 pre-service physics teachers who
had successfully completed training on theoretical and experimental quantum physics be-
fore, which not necessarily included courses about quantum entanglement. Based on the
results of phase 1 of the study, a second questionnaire consisting of rating scale items was
created. While in phase 1 of the study, we aimed at an in-depth exploration of learners’
views of quantum entanglement, the goal of this second study phase was to substanti-
ate and validate the findings of phase 1. Therefore, in this second study phase a larger
sample (N= 73; male 55, female 13, no answer 5) was used. The cohort consisted of dif-
ferent physics students: 34 pre-service physics teachers, 14 bachelor’s physics students,
14 master’s physics students and 12 others - including engineering students or students
with physics being their minor subject.
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Study Phase 1:
Open Ended Questionnaire
(N=31)

e,
“a
N
“a
.
N

Qualitative Content
Analysis

Item Development:
1 to 4 items belonging to each

category
l l Study Phase 2:
Results: Interim Pilot Study: Rating Scale Items
Categories of pre-service Think Aloud Study for (N=73)
teachers' conceptions linguistic unambiguity T,
Results: 3

- Validation of results from
Study Phase 1

- Identification of common
misconceptions

Figure 1 Overview of two phase study design including methodology and types of results

Table 1 Questions of study phase 1

Aspect Corresponding questions included in the questionnaire

(i) Entangled States Q1: Explain (either qualitatively, mathematically, or in both ways) how
entangled quantum states can be represented using at least one specific
example.

Q2: Explain the representation of entangled quantum states from the previous
question using at least one concrete example (qualitative, mathematical or
both).

(i) Quantum teleportation Q3: The Nobel Prize in physics in 2022 was awarded to three researchers who
have worked on entanglement, including Anton Zeilinger, who experimentally
investigated the effect of quantum teleportation. Outline why—in your
opinion—the term teleportation is used in connection with quantum
entanglement. What does teleportation mean in this context?

(iii) Application Q4: "Quantum entanglement follows directly from the formalism of quantum
physics. It, therefore, has theoretical implications, but no scientific or technical
relevance for applications”” Evaluate and judge the above statement in detail.

4.2 Instruments

4.2.1 Instrument used in study phase 1

We developed a questionnaire to explore the study participants’ views of the different as-
pects of entanglement (see research question in Sect. 3). We used open-ended questions
in this study phase to gain in-depth insights into the pre-service physics teachers’ con-
ceptions rather than into superficial ideas. An overview of the questions included in the
questionnaire and the corresponding aspects touched can be found in Table 1.

The instrument was administered as an online questionnaire implemented via the
SosciSurvey tool (https://www.soscisurvey.de). It is to be noted that both questionnaires
were designed and used in the German language. All questions, items and examples pro-
vided here were translated for this paper.

4.2.2 Instrument used in study phase 2

The categories that have emerged from the analysis of data gathered in study phase 1 (for
details on the data analysis see Sect. 4.3.1) served as a basis for the creation of rating scale
items used in study phase 2. For this purpose, 1 to 4 statements were created for each of the
categories that emerged from the student responses regarding questions associated to the
three content domains (i) entangled states, (ii) quantum teleportation and (iii) applications
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(as defined in the research question in Sect. 3). A detailed list of all statements created
can be found in Tables 7 (regarding domain i), 8 (regarding domain ii), and 9 (regarding
domain iii). The study participants in study phase 2 were then asked to rate their degree of
agreement with these statements on a 5-point rating scale (where 1 corresponds to “totally
disagree’, and 5 to “totally agree”).

Prior to its use in the main study, the questionnaire was evaluated in a qualitative pilot
study. In this pilot study, we independently asked two physics students to think aloud while
working on the questionnaire items. We used the students thoughts to gain insights into
how the items where understood in terms of content and to identify options to improve
the items in terms of language. Therefore, besides making the students work through all
items, they were asked to paraphrase all items in their own words fist. Any points of mis-
understanding led to the re-formulation of the items and the think aloud procedure was
then repeated with the same students to check if the item formulations had improved.
This process was repeated until both test persons could correctly rephrase the statements
and did not voice any further misunderstandings.

In the main study, the instrument was again administered as an online questionnaire
implemented via the SosciSurvey tool (https://soscisurvey.de).

4.3 Data analysis

4.3.1 Analysis carried out on study phase 1 data

Qualitative content analysis was applied to analyze the student responses to the individual
questions of the instrument and the categories were formed inductively based on the data
[52]. We present the resulting category systems including coding instructions and anchor-
ing examples in the results section of this article. In the coding process, all categories were
treated equally, and any repetitive occurrences of the same category in a participant’s re-
sponse were not coded, following similar research [53], as they did not provide any new
insights into the participants’ ideas. Finally, frequency analysis was conducted to count
the number of occurrences of all categories. All participants’ answers were coded by two
independent raters, and Cohen’s ¥ was calculated as a measure of the degree of the raters’
agreement. Cohen’s « values for the categorizations ranged from « = 0.70 to « = 0.85 for
the different questions, which corresponds to substantial to almost perfect agreement ac-
cording to Ref. [54].

4.3.2 Analysis carried out on study phase 2 data

The participants’ ratings of the various statements that were part of the study phase 2 in-
strument are presented globally using diverging stacked bar charts. We provide descriptive
statistics such as mean values p and standard deviations SD for the agreement ratings re-
garding all items. Hence, a higher mean value corresponds to a higher level of agreement
with the respective item among the study cohort.

In the course of further data analysis, we did not classify student ratings as either “true”
or “false” In contrast, we classified them to be in line or not in line with the current the sci-
entific views. We are aware of the different interpretations of quantum physics that make
it difficult to judge what the current scientific view of some topics actually is, in particular
with regards to interpretation. Hence, we referred to the widely accepted Copenhagen in-
terpretation of quantum physics and ratings are considered to align with current scientific
view they align with this interpretation. We refrained from the classification of student rat-
ings into “in line with scientific view” or “not in line with the scientific view” for the items
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of domain (iii), as these items refer to applications of quantum technologies today and,
in particular, in the future. We provide an overview of all items and their judgments in
Tables 7 to 9.

We report the correlation between the participants’ ratings on the different items to
explore relationships among them. We used Spearman’s p coefficient since the data col-
lected were of ordinal scale. Following [55], correlations |p| < 0.20 were considered weak,
0.20 < |p| <0.30 as medium, and |p| > 0.30 indicated strong correlation.

5 Results

5.1 Study phase 1 results

5.1.1 Conceptions of quantum entanglement with regards to entangled states

An overview of the conceptions found regarding entangled states is given in the category
system in Table 2, alongside coding rules, anchoring examples and occurrence frequen-
cies. The first two questions of the questionnaire dealt with the description of entangled
states (question Q1, see Table 1) and asked for an explicit example (question Q2, see Ta-
ble 1) and, hence, provided comprehensive insights into the pre-service physics teachers’
views of entangled quantum states.

Eight of the study participants described entanglement as a property of a composite
system of quantum objects that cannot be described independently of each other, but
only have meaning together (category 1). This was externalised, for example, in statements
declaring that there is only one common state of the whole system. Another type of state-
ment in this category was the following:

“Two quanta (e.g. two leptons like the electron) are entangled if they contain coupled
information.” (Participant 7)

Here the property of entanglement as a description of a system as a whole is encoded in
the phrase ‘coupled information”.

Interestingly, many of the answers related to the measurement process of entangled
quantum objects. Slightly less than half of the answers described that the measurements
of two entangled quanta are not independent and therefore correlated (category 2). The
term “correlation” itself was rarely used in the responses. Instead, participants often in-
voked the concept of perfect correlation as exemplified by Bell states. This is illustrated
by the following example:

“When two entangled particles are sent in different directions, and the spin of one of
them is measured (e.g., spin up), the other particle automatically settles into a spin
down state” (Participant 20)

Seven subjects expressed ideas implying that an action is mediated between two en-
tangled quantum objects (category 3). This often, but not always, referred to an action
transferred during the measurement, as suggested by the following example quotation:

“The spin of one entangled quantum object is changed, so it is also changed in the other
quantum object” (Participant 29)

In this instance, the participant elucidated that altering one quantum object brings about
a corresponding change in its entangled counterpart, irrespective of any measurement.
Therefore one can say, action is being transmitted through the bond of entanglement. This
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Table 2 Conceptions of quantum entanglement with regards to entangled states. Categories were
inductively formed using answers from Q1 and Q2. N=31, Cohen’s k¥ = 0.85, 95% Cl: [0.72; 0.98]

Category

Coding rule

Anchoring example N

1. Property of the system
as a whole

2. Measurement
correlation

3. Action between
quantum objects

4. Undefined relation of
quantum objects

5. Superposition

6. Mathematical
formalism

The answer implies that with
entangled quantum objects,
only the system as a whole can
be described. There is a
common state of the entire
system.

The answer implies that in the
case of entangled quantum
objects, the measurement on
one quantum object provides
information about the
second/other quantum
objects.

The answer implies that in
entangled quantum objects,
the change in one quantum
object causes instantaneous
changes in the second
quantum object(s).

The answer implies that
entangled quantum objects
are otherwise connected or
dependent on each other. (If
none of the two above
category holds)

The answer confuses
entanglement with
superposition.

The answer involves
mathematical formalism.

“The individual particles 8
cannot be assigned their own

state, but only the entire

system.

“For example, if you want to 15
study a pair of entangled

electrons: you can measure the

spin of an electron. That can be
anywhere. The other electron is

spatially separated. Without
measurement, you now know

the spin of the second electron

as well”

"If, for example, one changes 7
the spin of one of these

entangled electrons or fixes it

by a measurement, the state of

the other electron is also fixed
immediately (without time

delay), regardless of distance

from the first electron!

"An entangled quantum state 6
exists when the states of at

least two quantum particles

depend on each other!

“An entangled stateis a 4
superposition of several states.

A system is therefore in a

superposition of several states

as long as it is not measured.

As soon as it is measured, it

settles on one state!

“Example: Bell state: A state of 3
form

|625) = 51004100 = [1)4 1))

of a composite system

consisting of two particles A

and B cannot be written as a

product state. The state is not
separable, and one cannot

assign a particular state to

either Aor B!

quote uncovered a misunderstanding of participants belonging to this category. Namely,

they believed that through entanglement one can knowingly change one quantum object

and induce a change in the second entangled object and thereby control it. This goes as

far as having the possibility of changing states forth and back.

Six other participants described entangled states as two or more quantum objects inter-

acting without any measurement correlation or action mediation (category 4). Connec-

tions were instead, “result of an interaction” (participant 12) ‘dependence” (participant 8)

or an ‘energetic connection” (participant 9)—without further explanation provided by the
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participants. Another participant explained the connection between particles with a kind
of consciousness of the particles:

“The other particle ‘knows’ which property the first particle has decided on, even if the
properties are only determined during the measurement.” (Participant 20)

Four participants conflated entanglement with superposition, as categorized under cat-
egory 5. Finally, although the question explicitly invited to bring a mathematical exam-
ple, there were only three participants who explained entanglement mathematically (cat-
egory 6).

Interestingly, the first three categories co-occurred in a single response on three occa-
sions. An example for an answer that falls into all three categories was given by participant
32:

“One photon is linearly polarised and the other is perpendicularly polarised. If
the polarisation of one photon changes, the polarisation of the entangled photon

1. System as a whole

also changes. The overall result is a state that is achieved through the coupling. This
[ ——
3. Action

means, for example, that the state (polarisation) of one photon can be measured, which
means that the state of the other photon is known.” (Participant 32)

2. Measurement correlation

5.1.2 Conceptions of quantum entanglement with regards to quantum teleportation

The third question of the study phase 1 questionnaire was used to investigate concep-
tions of quantum teleportation (question Q3, see Table 1). An overview of the conceptions
found alongside coding rules, anchor examples and occurrence frequencies is given in the
category system in Table 3.

Here, a total of eight study participants expressed the notion that quantum teleportation
involves the transfer of a state from one quantum object to another (category 1). However,
one participant inferred from the state transfer concept that faster-than-light information
transmission might be possible:

“If you measure one entangled quantum particle, you immediately know the state of
the other entangled particle. Einstein’s hypothesis was that there are hidden variables
that allow these particles to communicate. This was done by re-measuring Bell’s in-
equalities. This is called quantum teleportation because the state is ‘teleported. This
means that information can be transmitted faster than the speed of light” (Participant
43)

A total of five participants shared the opinion that quantum teleportation means a
transmission of information faster than the speed of light (category 2). Related to this
was the most commonly found notion that quantum teleportation can convey action
instantaneously—and thus faster than light (category 3).

The idea that quantum teleportation, in more general, enables fast information transfer
(category 4) was highlighted by four participants. Seven participants stated that quantum
teleportation is possible over long distances (category 5) and another two participants ex-
plained quantum teleportation with the property of quantum objects not being localizable
(category 6).
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Table 3 Conceptions of quantum entanglement with regards to quantum teleportation. Categories
were inductively formed using answers from Q3. N=31, Cohen’s k¥ = 0.70, 95% Cl: [0.53;0.87]

Category

Coding rule

Anchor example

1. Transmission of states

2. Faster-than-light
transmission of
information

3. Instantaneous action

4. Fast information
transmission

5.Long distances

6. Spacelessness of

particles

7. Skipping space

8. Classical teleportation

Other

The answer states that
quantum teleportation is the
transfer of one state to another
quantum object.

The answer states that in
quantum teleportation,
information is transmitted at
faster-than-light speeds.

The answer describes quantum
teleportation—the
instantaneous transmission of
an action without time delay
over any distance.

The answer states that in
quantum teleportation,
information is transmitted at
great speed.

The answer says that quantum
teleportation involves sending
things over long distances.
The answer states that
quantum teleportation is
possible because particles
occupy several positions in
space.

The answer states that in
quantum teleportation space is
“skipped’or there is no local
interaction.

The answer states that
quantum teleportation makes
particles disappear in one
place and reappear in another.

The answer does not fit into
any of the above categories.

“Thus, by establishing a state,
one could 'send over' targeted
states through the collapse of
the system”

“It means that with the help of
quantum entanglement,
information could be
transmitted faster than the
speed of light

“In this context, teleportation
means the instantaneous
transport of information.

“Entangled particles can send
information over long
distances in a short time!"

“Similarly, teleportation
involves sending an object or
energy over long distances”
"Teleportation means in the
sense that a particle can vary
from position (no fixed place in
space, contradicts classical
idea)”

“Teleportation is when
something is transported to a
new location without crossing
the intervening space. In this
context, | think it's about
teleporting a quantum!
“Teleportation means the
disappearance of a particle at
one measurand and the
reappearance of the particle at
another measurand!’
“Information transfer over
(relatively) long distances
without the quanta being
‘connected”

The term teleportation is taken up by three participants who stated that properties relo-

cate in quantum teleportation (category 7), similar to the image of classical teleportation

seen in science fiction in which an object can jump over space (category 8).

Three participants gave answers not matching any of the above categories. Among those

students, one stated that quantum teleportation does, in fact, not enable faster-than-light-

communication:

“Teleportation here refers to the instantaneous determination of the second measure-

ment result once the first measurement result has been obtained. It does not matter

whether the entangled system has been split and measured at distant points in space.

However, information is not really teleported at superluminal speed here, because for

the second system to determine a measurement result, it had to be physically random
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Category

Coding rule

Anchor example

1. General Answer

2. Speculation

3. Counterexample

Other

The answer is the general
assessment that initial
technological potential is
underestimated, independent
of entanglement and quantum
technologies.

The answer speculates on what
could be possible and how. If
necessary, approaches and
potentials for the use of
entanglement are described
without naming a specific
technology.

The answer gives one or more
counter
examples/technology(s) or
field(s) of application.

a. Quantum computer

b. Quantum
teleportation/cryptogra-
phy/communication c. Other,
e.g., quantum sensors

The answer does not fit into
any of the above categories.

“Well, that's what people used
to say about a lot of things,
that they had no application.
And a few years or decades
later, applications have been
found that we don't want to do
without today. Who knows
what will come in the future?”
“Nevertheless, | think the study
of artificially entangled
quantum states with limited
numbers of particles certainly
has potential and could be
worth exploring””

“This statement is wrong,
because quantum
entanglement is very much
used in applications today.
Entanglement occurs in every
quantum mechanical
measurement, so it is
ubiquitous. Quantum
entanglement also plays a
central role in quantum
computers, which use
quantum mechanical states for
their calculations”

“You can't teleport anything
alive. Only individual parts. You
would have to split a human
being into quanta to teleport
him”

10

16
a2
b: 10
cl

beforehand which result the first system (and the second system) would output” (Par-
ticipant 30)

Finally, one participant offered an ad-hoc hypothesis suggesting a potential connection
to the tunneling effect (Participant 27).

5.1.3 Conceptions of quantum entanglement with regards to applications

The final question in the phase 1 questionnaire presented a statement claiming that quan-
tum entanglement has theoretical implications but no practical relevance with regards to
applications. The participants were asked to evaluate and judge this statement (question
Q4, see Table 1). An overview of the conceptions found alongside coding rules, anchor
examples and occurrence frequencies is given in the category system in Table 4.

Ten responses were of a general nature, stating that the technological potential is funda-
mentally underestimated, but that it would simply not yet be possible to assess how great
the potential of quantum entanglement is or can be. For example, the answers referred to
the Nobel Prize awarded in 2022 (Participant 23) or to the history of physics:

“But already many forward thinkers in physics were ridiculed for their farsightedness
and declared crazy, although their concepts were confirmed decades or even centuries
later and found application in technology” (Participant 20)
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Seven participants stated that entanglement is or will be relevant and speculated on
what can and will be possible, without naming a specific technical application. For exam-
ple, the possibility of using quantum entanglement for communication was mentioned.
However, this again fell back on the conception that entanglement conveys instantaneous
information transfer:

“It may be possible to use this knowledge for communication. If two particles are en-
tangled and separated by large distances, information can be transmitted instanta-
neously; changing the state of one particle changes the state of the other” (Participant
7)

Just over half of the participants (N=16) were able to name specific technologies and
thus refute the statement given in the questionnaire item Q4. It is noteworthy that the
majority of them (75%) also named the quantum computer technology.

Finally, there were three participants whose statements did not fit into any of the above
categories. These included the statements that quantum entanglement “has no relevance
yet” (Participant 24), that quantum entanglement could make it possible to teleport a hu-
man being “if it is divided into individual parts” (Participant 19) and that it has already
“been possible to entangle tardigrades” (Participant 33).

5.2 Study phase 2 results
5.2.1 Conceptions of quantum entanglement with regards to entangled states
Five main categories of learners’ conceptions of entangled states emerged from the analy-
sis of study phase 1 data (see Table 2). Based on the student responses, we created one to
four statements associated with each of these categories and asked the study phase 2 par-
ticipants to rate their agreement with the respective statement. Our results are presented
in diverging stacked bar charts, where items in line with the scientific view are marked
with v* and items not in line with the scientific view with X:

1. Property of the system as a whole (items 1.1 to 1.2, see Fig. 2).

2. Measurement correlation (items 2.1 to 2.3, see Fig. 3).

3. Action between quantum objects (items 3.1 to 3.4, see Fig. 4).

4. Undefined relation of quantum objects (items 4.1 to 4.4, see Fig. 5).

5. Superposition (item 5.1, see Fig. 6).
For a detailed breakdown of all items within these categories, we refer the reader to Table 7.
Additionally, we provide the item correlations in Table 10 where correlations below 0.10
have been suppressed.

Table 5 offers insights into the percentage of participants who responded to each item
either in alignment with or in contrast to the current scientific viewpoint. These results
are described in detail in the following subsections.

Category 1: Property of the system as a whole  For the first item which states that entan-
gled quantum objects only have one common state (item 1.1), a tendency towards agree-
ment was found (average degree of agreement at . = 3.12, SD = 1.36).

The second item states that in the case of entangled states, the entire system must be
considered as a whole, regardless of how far apart the individual subsystems are from each
other (item 1.2), was agreed to by most participants (u = 4.18, SD = 1.36). This suggests
that this concept of entangled states seems to be present in an even larger proportion of
people than we found in study phase 1 (8 out of 31 there).
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Table 5 Percentage of Answers (not) in line with scientific point of view

Not in line with Undecided In line with the
the scientific view scientific view

1. Property of the system as a whole

1.1 36% 18% 47%
1.2 14% 6% 81%
2. Measurement correlation

2.1 77% 12% 11%
22 29% 15% 56%
23 60% 22% 18%
3. Action between quantum objects

3.1 84% 6% 11%
32 38% 14% 48%
33 59% 16% 25%
34 33% 32% 36%
4. Undefined relation of quantum objects

4.1 71% 11% 18%
4.2 41% 25% 34%
43 49% 18% 33%
44 11% 40% 49%
5. Superposition

5.1 23% 37% 40%

100% 80% 60% 40%  20% 0%  20% 40% 60% 80% 100% |24 SD

Mo . . sz 13

M Totally disagree. Rather disagree. Undecided Rather agree. W Totally agree.

Figure 2 Diverging Stacked Bar Chart of items belonging to the category Property of the system as a whole

Category 2: Measurement correlation The idea that entanglement was explained as a
concept of measurement correlations, as described by this category, was voiced by the
highest percentage of participants in the first phase of the study. A similar trend was ob-
served in the agreement with related items in the second phase of the study, where par-
ticipants consistently agreed with all the items.

For items 2.1 and 2.3 similar response patterns are apparent (Spearman’s p = 0.73, p <
0.001) with similar mean ratings (item 2.1: p = 4.18 SD = 1.18; item 2.3: u = 3.74, SD =
1.36). One possible explanation for this might have been the similar wording of the items.
Nevertheless, these two items are rather “not in line with the scientific view’, as they imply
that quantum entanglement always coincides with perfect (anti-)correlation.

The second item in this category (item 2.2), which mitigates this very property by stat-
ing that only probability statements follow from the measurement of entangled quantum

objects was surprisingly rejected by more people than the other two items.

Category 3: Action between quantum objects In study phase 1, seven out of 31 partici-
pants expressed the idea that quantum entanglement could mediate action. This was man-
ifested, for example, by a change in one quantum object causing a change in another quan-
tum object entangled with it. More participants agreed than disagreed with this last idea,
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100% 80% 60% 40%  20% 0% 20%  40% 60% 80% 100% n SD

M Totally disagree. Rather disagree. Undecided Rather agree. W Totally agree.

4.18 1.18

3.74 1.36

Figure 3 Diverging Stacked Bar Chart of items belonging to the category Measurment correlation

100% 80% 60% 40%  20% 0% 20%  40% 60% 80% 100% 1 28 SD

2.77 1.60
3.3 x

3.4 x 2.84 1.22

- 3.53 1.41

M Totally disagree. Rather disagree. Undecided Rather agree. M Totally agree.

Figure 4 Diverging Stacked Bar Chart of items belonging to the category Action between quantum objects

as evidenced by a mean of = 3.53 (SD = 1.41) on item 3.3. Thus, study phase 2 was able
to validate the concept found in study phase 1.

Item 3.1, which states that entangled quantum objects influence each other, was repre-
sented with an even higher agreement (p = 4.30, SD = 1.11) among the participants. This
could be explained by the wording of this item. For example, some participants might have
understood “influence” to mean “depend’, as the participants’ comments showed. Never-
theless, this high level of agreement indicates a high prevalence of this category of concept.

Some participants derived a possible consequences of this influence in study phase 1
which were represented by items 3.2 and 3.4 (themselves correlated by Spearman’s p =
0.69, p < 0.001). Namely, this mediation of action can enable faster-than-light (item 3.2) or
instantaneous communication (item 3.4). Participant 7, to name an example, showed this
conception (illustrated by a quotation that can be found in Sect. 4). These items though
were agreed with less which is illustrated by their lower means of = 2.77 (SD = 1.60) and
=284 (SD =1.22).

Category 4: Undefined relation of quantum objects This category includes all notions
that refer to entangled quantum objects being in some kind of relation to each other, that
have nothing to do with measurement correlation, and that do not describe the mediation
of action.

The first two items examined participants’ ideas about the preparation of entangled
quantum states: Item 4.1 referred to a metaphor echoing a similar statement of a par-
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100% 80% 60% 40%  20% 0% 20%  40% 60% 80% 100% |12 SD

4.3 * . - 3.23 1.44
a4 * - 234 100

M Totally disagree. Rather disagree. Undecided Rather agree. M Totally agree.

Figure 5 Diverging Stacked Bar Chart of items belonging to the category Undefined relation of quantum
objects

ticipant in study phase 1: The “connection” in entangled states is like a postcard that is torn
in half and then sent in two envelopes. When you open one envelope, it is immediately clear
over long distances what is enclosed in the other (item 4.1). This item made the claim that
even before measuring one entangled quantum objects, similar to the classical picture of
envelopes, it is actually predetermined how the measurement will turn out, a claim that is
generally differing from the scientific view as it claims that local hidden variables explain
the outcome of the measurement of entangled states.

The second item 4.2 has a similar statement, describing this fact without a classical
metaphor. The majority of study participants agreed with both items 4.1 and 4.2, with
a larger average for the metaphor (item 4.1: p = 4.03, SD = 1.26; item 4.2: p = 3.12,
SD = 1.44).

Item 4.3 states that the entangled quantum objects are in such a connection that one
quantum object knows how a second quantum object behaves or is measured and accord-
ingly it adapts itself knowingly. Hence, this item ascribes a form of consciousness to quan-
tum objects. The majority agreed with this item, as indicated by an average rating of
=323 (SD = 1.44).

The statement that spin entanglement also causes correlations in measurements of other
observable (item 4.4), which is not in line with the scientific view, was (correctly) rejected
by the majority of participants (u = 2.34, SD = 1.00).

Category 5: Superposition Lastly, the confusion of entanglement and superposition—
apparent of a significant amount of learners in study phase 1—was probed with item 5.1.
A percentage of 23% (rather) agreed with this statement, showing that this conception
found in study phase 1 could be replicated (average rating u = 2.77, SD = 1.21).

5.2.2 Conceptions of quantum entanglement with regards to quantum teleportation
An overview of the answer distribution as well as the mean ratings and standard deviations
for each item with regards to quantum teleportation can be found in Fig. 7. Our results
are presented in diverging stacked bar charts, where items in line with the scientific view
are marked with v* and items not in line with the scientific view with X.

A detailed list of all items can be found in Table 8. In addition, for all items the per-
centage of participants who answered the corresponding item in line or not in line with
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Figure 6 Diverging Stacked Bar Chart of items belonging to the category Superposition

Table 6 Percentage of Answers (not) in line with scientific point of view

Not in line with Undecided In line with the
the scientific view scientific view

Teleportation

T1 19% 44% 37%

T2 44% 40% 16%

T3 41% 37% 22%

T4 58% 36% 7%

T5 58% 29% 14%

T6 21% 53% 26%

T7 8% 33% 59%

T8 10% 37% 53%

the scientific view is given by Table 6. Table 11 provides an overview of all Spearman’s p
coefficents as an indicator of item correlation. All values |p| < 0.10 are suppressed.

It is noteworthy that with regards to the items on quantum teleportation, a great num-
ber of participants was undecided when answering the items (overall mean percentage of
undecided votes across all items: 39%).

Item T1 states that quantum teleportation corresponds to the transfer of a quantum ob-
ject’s state to another quantum object, yielding an average rating of u = 3.25 (SD = 1.10).
Remarkably, despite its alignment with the scientific view, this particular item garnered
less unanimous agreement than the four following items.

Upon initial inspection, a shared response pattern was discernible across items T2 (in-
stantaneous transfer of an action to quantum objects), T3 (faster-than-light information
transfer), T4 (non-local interaction), and T5 (spatially separated quantum objects ex-
change information). Likewise, the average ratings and standard deviations for these items
were close to equivalent: T2 (u = 3.36, SD = 1.18), T3 (i = 3.19, SD = 1.30), T4 (u = 3.74,
SD =1.03), and T5 ( = 3.64, SD = 1.12). In particular, all mean ratings imply a tendency
to agreement with the respective statements.

Additionally, an examination of the correlations among these four items revealed a
strong positive relationship between Spearman’s p = 0.33 and p = 0.60 (p < 0.01, for de-
tails see Table 11). The strong correlations among these four statements, which are not in
line with the scientific view, indicated a fundamental conception related to all items.

Item T6 states that quantum teleportation is made possible by the innate capability of
quantum objects to exist in multiple positions simultaneously, thereby evading strict local-
ization. This statement garnered an average rating of ; = 2.82 (SD = 1.07). This paralleled
the findings of study phase 1, wherein a mere two participants fell within the correspond-
ing classification (see category 6 in Table 3).

Item T7, suggesting that quantum teleportation entails the physical displacement of a
quantum object between locations, received an average rating of u = 2.15 (SD = 1.04). This
signaled discord with the statement, mirroring outcomes from study phase 1, wherein only
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Figure 7 Diverging Stacked Bar Chart of items with regards to Quantum teleportation

three participants expressed the conception of quantum teleportation involving spatial
leaps (category 7) or likened it to conventional teleportation, an opinion expressed by five
participants (category 8).

Lastly, the eighth statement T8, which draws a connection between quantum teleporta-
tion and the tunneling effect, garnered a notably low average rating of © = 2.22 (SD = 1.03).
Consequently, it can be reasonably concluded that this idea differing from the scientific
view is held only by a limited number of participants, similarly aligned with the lone par-

ticipant reflecting this conception in study phase 1.

5.2.3 Conceptions of quantum entanglement with regards to applications

An overview of the answer pattern as well as the mean and standard deviation of the rat-
ings of each item with regards to applications can be found in Fig. 8. A detailed list of all
items can be found in Table 9. Table 12 provides an overview of all Spearman’s p coefficents
as an indicator of item correlation. All values |p| < 0.10 are suppressed.

Item A1, which states that all physical findings find an application at some point and
thus become technically relevant in the long term, was (rather) agreed by a share of 41%
of the study participants compared to a share of 36% who (rather) disagreed with this
opinion. Interestingly, this general point of view was not found to be statistical significantly
correlated with any other item belonging to this domain.

Both items A2 and A3 state that quantum entanglement is already of relevant techni-
cal importance (item A2) or will become so in the future (item A3). The average ratings
(item A2: = 3.49, SD = 1.13; item A3: u = 3.63, SD = 1.15) indicate that the majority of
the participants were convinced of this.
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Figure 8 Diverging Stacked Bar Chart of items with regards to Application of Quantum Entanglement

High overall agreement was obtained for items stating that quantum entanglement is
applied in the following techniques: quantum cryptography (item A4: p = 3.89, SD =
0.99), tap-proof key distribution (item A5: p = 3.70, SD = 1.05) and quantum computing
(item A6: u = 3.93, SD = 0.98). Each of these applications, in fact, utilizes quantum en-
tanglement in some of their approaches, although it’s important to highlight that not all
quantum cryptography or key distribution methods necessarily rely on entangled states, as
demonstrated by the BB84 protocol, for instance.. Also noticeable was the high correlation
of these three items (Spearman’s p € [0.48;0.64], p < 0.001), which points towards the fact
that if someone is familiar with one technology, they are likely to have some knowledge of
other technologies related to the applications of quantum entanglement. One could also
identify a correlation between these three items and item A2 (quantum entanglement is
already of technical importance), which could be expected as someone that was aware of
technical applications would also notice a relevance of this technology.

That it will someday be possible to teleport physical objects and eventually even people
was denied by a majority of the participants, which was expressed in low agreement with
item A7 (1 = 2.00, SD = 1.03).

6 Discussion

This study explored what views of quantum entanglement are widespread among learners
and specifically among pre-service physics teachers. Frequently found ideas that are not in
line with the scientific views are summarized and discussed in the following (and referred
to as C1 to C6).



Brang et al. EPJ Quantum Technology (2024) 11:33 Page 20 of 30

6.1 Conceptions of quantum entanglement with regards to entangled states

We found that learners widely believe that one must always consider the entire system
when dealing with entangled states: Entangled quantum objects were described as having
a common state, irrespective of the spatial distance between individual subsystems. This
conception is in line with the scientific view. Likewise, the following conception is also in
line with the scientific view: The measurement of one quantum object enables the possi-
bility of making probability statements about the same measurement of another quantum
object entangled with it because the measurements are correlated. The majority of study
participants also agreed with this conception (item 2.2).

Even more participants though agreed with the view that the measurement not only
makes probability statements possible, but implies certain conclusions (items 2.1 and 2.3).
However, this idea is generally not correct in such a way, but only if the entangled quan-
tum objects are in a maximally entangled state, as it is for example the case with the Bell
states. Consequently, the following conception not in line with the scientific view could
be frequently identified:

C1 Measurements with entangled states always show perfect (anti-)correlations.
This finding is consistent with the results obtained by Konhle et al. [51], who also recog-
nised this as a widely held misconception in the context of quantum entanglement.

Another conception that differs from the scientific view, which was frequently identified
in study phase 1, could also be confirmed through items 4.1 and 4.2 of study phase 2. The
following conception is expressed:

C2 The outcome of the measurement of quantum states in entangled states can be ex-

plained through local hidden variables.

If someone believes that local hidden variables are responsible for clarifying the outcomes
of measurements involving entangled quantum objects, they adhere to the idea that cer-
tain underlying, unobservable factors decide the results of these measurements. Accord-
ing to this idea, the entanglement between quantum objects does not directly determine
their behavior; instead, these local hidden variables are thought to govern the observed
correlations between the entangled particles before they separate from each other. To ex-
emplify, this notion is illustrated by the envelope metaphor used in item 4.1. As these are
classical images the result of measurement is predetermined, with someone deciding be-
forehand over the result of the measurement by putting the postcard in either envelope.

Similarly EPR (short for Einstein, Podolsky and Rosen) [56] famously assumed this to be
case for entangled quantum objects. Nevertheless this idea has been proven to be wrong
[57, 58] —partly the reason, why the 2022 Nobel price has been awarded.

This perspective implies that learners seek for a classical explanation of the non-locality
of quantum entanglement. This effect can also be seen in research from Aehle et al. [59],
wherein students also resort to the classical image of hidden variables explaining the result
of measurement on entangled quantum objects. As observed in earlier research into learn-
ers’ conceptions the fallback to classical explanations is a typical obstacle when learning
quantum mechanics [23].

In the first study phase, analysing the responses revealed the idea that entanglement en-
ables the mediation of action. Therefore, if an action (such as change or measurement) is
performed on one quantum object, its entangled counterpart will also undergo an action.
This fact diverges from the scientific view. Still, seven out of the 31 participants in study
phase 1 belonged to the category encapsulating this conception. In study phase 2 this con-
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ception was probed by items 3.1 and 3.3 with which a majority of participants also agreed.
Hence, one can commonly find the following conception:

C3 Quantum objects in entangled states can influence each other.

Some participants explained conception C3 during study phase 1 using wording that
suggested quantum objects have a consciousness of each other. This perspective suggests
that quantum objects not only exhibit entanglement but also have a form of consciousness
or awareness that enables them to interact and communicate in ways that transcend our
current understanding of physics. As a result, it was assumed that this is a notion held
by some of the learners. This fact could also be validated by the majority of participants
agreeing with item 4.3. Therefore, we found the following conception not in line with the
scientific view:

C4 Quantum objects in an entangled state have some kind of consciousness of each other.
Finally, the confusion between entanglement and superposition, already noted by Ref. [36,
51] was observed among a small percentage of participants (10% in study phase 1 and 23%
in study phase 2):

C5 The entanglement of states is the same as the superposition of states.

Belonging to C5 it should be noted that superposition and entanglement are not unrelated
to each other, as superposition is a mandate for entanglement. Yet, they cannot be used as

synonymous.

6.2 Conceptions of quantum entanglement with regards to quantum
teleportation

Firstly, in study phase 2 it was observed that an overall mean of 39% selected the option
“Undecided” for items related to quantum teleportation. This could suggest that only a few
students are at ease answering questions regarding quantum teleportation which might
be explained by the lack of awareness regarding this subject. This highlights the fact that
learning about quantum teleportation is not widely practiced. One possibility to deal with
the topic of quantum teleportation in class and to “experience” entanglement in an ex-
periment is offered in Ref. [60]. Furthermore, to put quantum teleportation in a teaching
context, the topic can be used to introduce students into quantum information theory in
secondary school [61].

Nevertheless, most of the participants held a concept consistent with the scientific per-
spective that quantum teleportation involves the transfer of a quantum object’s state to
another object (item T1). This contrasted with the notion depicted in science fiction that
a quantum object skips physical space and reappears at another location during quantum
teleportation (item T7). However, more respondents disagreed than agreed with the latter
idea.

The four items T2, T3, T4, and T5, which are related to the categories 2 to 5 found in
study phase 1 (see tabel 3), were found to have strong correlations with each other. The
underlying students’ idea is particularly interesting as all four items express beliefs not
aligned with the scientific view. This idea can be summarized as follows:

C6 Quantum entanglement enables faster-than-light communication.

An illustration of how this conception relates to the four items T2 to T5 is given by an

answer to question 3 in the first questionnaire. The quote includes statements similar to

the items themselves:
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T4: Non-local interaction

“ Particle X at location A interacts with particle Y at location B. If both particles are
in a common state, I can project all information from place B to place A (and vice

T5: Exchange of information
T3: Faster-than-light

—_——
versa)  without time shift and  over large distances. Thus I can
map the particle X at place A also immediately at place B” (Participant 12)

T2: Transfer of action

While quantum entanglement involves instantaneous correlations between particles,
these correlations cannot be used to transmit information faster than the speed of light,
as explained in Sect. 2.1.

The conception that quantum entanglement enables faster-than-light transfer of infor-
mation has also been noticed in Ref. [26]. Further, it is noticed that this perception could
even “do enormous harm” ([26], p.32). Students might misinterpret this idea to be used in
explaining “faith healing”. The author suggests using an analogy to electrodynamics when
encountering this belief.

6.3 Conceptions of quantum entanglement with regards to application

Regarding the technological relevance, most participants recognised the importance of
entanglement—now or in the future—for quantum technologies such as quantum cryp-
tography/key distribution (and therefore quantum communication), and quantum com-
puting. While in study phase 1 quantum computing was mentioned remarkably often, in
study phase 2 there was no higher agreement for the item of quantum computing visible
than for cryptography.

This parallels the finding of Ref. [62], where expert surveys were conducted to derive pre-
dictions on the future relevance of quantum technologies. The experts recognized quan-
tum sensing and quantum communication to already be important today and tended to
quantum computing to be most the important quantum technology in the future.

Following the noticed technological relevance of entanglement, this supports the need
for a good education on entanglement to prepare for the future needs of e.g. engineers who
have to work with these technologies that use quantum effects like entanglement. Like-
wise, educators should undergo appropriate training to effectively facilitate the learning
of quantum technologies within educational institutions.

In study phase 1, 10 subjects (about 33%) expressed the opinion that the technologi-
cal potential of scientific findings is typically underestimated, which is why it can be as-
sumed that quantum entanglement can also make a technological contribution. Item Al
has shown the divided opinion on the general technical relevance of physical findings in
study phase 2. While 41% agreed and might therefore argue that also entanglement will
have technical relevance, almost the same number of participants disagreed. Similar re-
sults have been expected as the participants of the study consisted only of physics students.
A general optimism regarding the relevance of certain topics could therefore be assumed.
This can be explained by the fact that students learn about similar historical occasions in
their academic education, where technological relevance has been underestimated, e.g.,
the early disbelief in quantum physics. They therefore tend to transfer this experience to
the topic of entanglement. Since disagreement with the other items on the technical rele-
vance of entanglement was smaller, at least some participants have really seen the technical
relevance of entanglement.
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7 Implications
Our findings allow to draw implications for both, educational research and practice a few
of which we touch upon in the following subsections.

7.1 Implications for educational research

The analysis of the collected data indicates that pre-service physics teachers often pos-
sess incomplete or misconceived notions about quantum entanglement. Consequently, it
is imperative to gain deeper insights into the prevalence of these conceptions. The exam-
ination of the reasons for individual attitudes and misunderstandings needs to be a key
element for future research as this is the only way to fully understand them, which in turn
enables the development of evidence-based teaching concepts.

One example of a study design addressing this research desideratum with regards to
a topic within quantum physics can be found in Ref. [63]. There, the authors present a
typology of learning impediments which they use to explain students’ misunderstandings
of potential wells and tunneling.

Further, it should be noted that our study only gives an insight into learners’ conceptions
of entanglement at a certain time probed with closed items. We did not investigate (a) con-
ceptual understanding and (b) development of the conceptions at hand. An examination
of persisting conceptions that are not in line with the scientific view following a peda-
gogical intervention could offer intriguing insights. Future research could for instance use
our findings on conceptions to develop a quasi experimental intervention study. Similarly,
Bitzenbauer [64] has previously investigated the effect of a teaching concept on preuni-
versity students’ conceptions about quantum physics.

Given that the topic of entanglement is primarily explored at the university level, it
becomes relevant to delve beyond qualitative concepts. It is essential to investigate the
impact of a mathematical representation of entangled systems on conceptual comprehen-
sion. There is still a scientific debate regarding whether relying solely on mathematical for-
malism is helpful in addressing conceptual or interpretational challenges. Simultaneously,
a mathematical description can assist in the development of a functional understanding.
Therefore, the question of how the early and systematic introduction of entanglement in
the sense of formalism helps to prevent widespread misconceptions and promote concep-
tual development is of considerable importance.

This aspect, which was not addressed in this study, has been partially explored in other
studies, such as [65]. Another relevant study previously investigated the introduction of
mathematical formalism to describe quantum mechanics in secondary education [66], and
its findings could serve as a valuable reference.

7.2 Implications for educational practice

Our data analysis has unveiled a prevalent tendency among numerous students to conflate
the principles of entanglement and superposition. While it is not assured that all partici-
pants in our study have received formal instruction on quantum entanglement, and thus
this conflation may not necessarily result from shortcomings in teaching, it does under-
score the importance of addressing this misunderstanding through pedagogical methods.
Therefore, educators should consider implementing a clear differentiation between these
two concepts in their teaching practices. Achieving this objective could involve the incor-
poration of suitable illustrations from popular science, such as the renowned paradox of
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Erwin Schrédinger’s cat [67]. In this scenario, Schrodinger’s cat, alongside the radioactive
atom, serves to elucidate the concept of superposition, wherein the cat exists in a quan-
tum state concurrently as both alive and dead, while the radioactive atom simultaneously
occupies states of decay and non-decay until subjected to observation. In contrast, entan-
glement depicts the inseparability between the cat’s and radioactive particle’s state.

As shown by other studies [36, 68], utilizing games is practicable and advantageous in
comprehending entanglement and superposition. So-called “games with a purpose” are
useful in the context of quantum physics concepts, especially because they allow us to “ex-
plore and experience counter-intuitive quantum behavior” ([36], p.3). In Ref. [68], learn-
ers showed a superior understanding of the concept of entanglement among learners who
played games compared to the control group.

The conception, not in line with the scientific view, that measurements on entangled
quantum objects always show perfect (anti-)correlation, could also commonly be found
among learners. Yet, this is clearly a problem that can be addressed through teaching prac-
tice. Typically the most prominent Bell states are being used as an example to introduce
and explain quantum entanglement. Problematically, these only show perfect correlation,
which hinders students to learn at all about non-perfect correlation. The latter is the obser-
vation one can make when dealing with non-maximal entanglement. This can and should
be addressed by giving more examples or using a simulation which includes non-perfect
correlations as well, e.g., [/) = %(HO) +101) + |00)) [65].

8 Conclusion

Based on the data we gathered and analyzed during study phase 1, we successfully identi-
fied a range of concepts apparent among pre-service physics teachers and undergraduate
physics students pertaining to quantum entanglement across three domains: entangled
quantum states, quantum teleportation, and applications of quantum entanglement. Sub-
sequently, these concepts were further validated in a second phase of the study.

Concerning entangled states, a notable alignment with the scientific viewpoint was ob-
served among the respondents. They recognized that when dealing with entangled quan-
tum objects, it is imperative to consider the state of the entire system. Furthermore, a
consensus emerged among most participants that the measurement of entangled quan-
tum objects leads to (anti-)correlated outcomes. Nevertheless, regarding entangled states,
five students’ conceptions were identified that deviate from the scientific consensus (see
Sect. 6.1).

The responses obtained during study phase 1, coupled with the hesitancy observed in
study phase 2, unveiled a prevalent pattern among learners. Many of them possess only
a limited number of ideas or, in some cases, conceptions that run divergent to the estab-
lished scientific understanding of quantum teleportation. While some learners correctly
articulated the concept that quantum teleportation entails the transfer of a state from one
quantum object to another, aligning with the scientific perspective, a significant portion of
learners held the conception that quantum entanglement enables faster-than-light com-
munication via quantum teleportation (see Sect. 6.2).

Regarding applications of quantum entanglement, our findings indicate that a part of
our study participants demonstrate an awareness of the significance of quantum entangle-
ment in contemporary technologies, including quantum computing and quantum cryp-
tography/key distribution (see Sect. 6.3).
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Appendix A: Items of study phase 2

Table 7 Rating scale items included in the study phase 2 questionnaire, focusing on aspects of
entangled quantum states, developed based on the categories that emerged from the study phase 1
data. For each item, it is indicated whether the item is not in line or in line with scientific views

[tem Description Not in line with In line with the
the scientific view scientific view

Property of the system as a whole

1.1 A system of several entangled quantum objects has X
only one common state
1.2 Quantum objects in an entangled state must be X

considered as a total system, regardless of the spatial

separation of the subsystems.

Measurement correlation

2.1 Two quantum objects A and B are in a state that is X
entangled with respect to spin. If one measures the spin

of A, the spin state of B is thereby determined.

2.2 Two quantum objects A and B are in a state that is X
entangled with respect to spin. A spin measurement on

A leads to probability statements about the same

measurement on B.

2.3 Two quantum objects A and B are in a state that is X
entangled with respect to spin. If one measures the spin

of A, one knows the measurement result of the same

measurement on B.

Action between quantum objects

3.1 Quantum objects in an entangled state can X
influence each other over arbitrarily large distances.
3.2 Since entangled quantum objects influence each X

other across spatial separation, faster-than-light

information transmission is possible.

3.3 Two quantum objects A and B are in a state that is X
entangled with respect to spin. The change in the spin

of A causes a change in the spin of B.

3.4 Entanglement allows information to be transmitted X
instantaneously and can therefore also be used for faster

data transmission.

Undetermined relation of quantum objects

4.1 The “connection’in entangled states is like a postcard X
that is torn in half and then sent in two envelopes. If you

open one envelope, it is immediately clear over long

distances what is in the other.

4.2 When measuring entangled quantum objects, there X
is no interaction between the objects. Only one of the

properties already determined at the time of creation is

queried.

4.3 A quantum object knows how another quantum X
object entangled with it behaves/is measured and takes

on properties accordingly.

4.4 Two quantum objects A and B are in a state that is X
entangled with respect to spin. The measurement on A

and B with respect to an observable (other than spin) is

also correlated.

Superposition

5.1 Entanglement is the superposition of states. X
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Table 8 Rating scale items included in the study phase 2 questionnaire, focusing on quantum
teleportation, developed based on the categories that emerged from the study phase 1 data. For
each item, it is indicated whether the item is not in line or in line with scientific views

[tem Description Not in line with In line with the
the scientific view scientific view

Teleportation

T1 In quantum teleportation, a state of one quantum X
object is transferred to another.

T2 Quantum teleportation describes the instantaneous X
transfer of an action to quantum objects over any

distance.

T3 Quantum teleportation describes faster-than-light X
information transfer for quantum objects.

T4 Quantum teleportation describes a non-local X
interaction of quantum objects.

T5 Quantum teleportation causes spatially separated X
guantum objects to exchange information.

T6 Quantum teleportation is possible because quantum X
objects can assume several positions in space

simultaneously and are therefore not localised.

T7 Quantum teleportation involves transporting a X
quantum object from one place to another.
T8 Quantum teleportation describes the tunnel effect. X

Table 9 Rating scale items included in the study phase 2 questionnaire, focusing on applications of
quantum entanglement, developed based on the categories that emerged from the study phase 1
data

Application

A1 All physical findings find an application at some point and thus become technically relevant in the long term.
A2 Entanglement currently has technical relevance.

A3 Entanglement is not yet technically relevant but will be in the future.

A4 Entanglement finds application in quantum cryptography.

A5 By means of interleaving, a physically tap-proof key transmission can be realised, whereby data can be
securely encrypted for a data distribution.

A6 Entanglement finds application in quantum computing.

A7 By using quantum physical entanglement, it might someday be possible to teleport physical objects and
perhaps even people.
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Appendix B: Item correlations between the items of the second questionnaire

Table 10 Domain (i): Spearman’s p as a measure of the correlation between participants’ rating
|p| < 0.20 weak correlation, 0.20 < |p| < 0.30 medium correlation, |p| > 0.30 strong correlation

1.1 1.2 2.1 2.2 2.3 3.1 32 33 34 43 44 51
1.1 -
1.2 012 -
21 016 048 -
2.2 0.15 -
23 022 042 073 -
3.1 -013 021 029 013 041 -
32 -016 -017 025 -015 028 069 -
33 0.11 0.23 012 021 015 -
34 -029 -013 -024 -022 018 069 021 -
4.1 019 020 029 015 030 015 017 =017
42 040 013 026 011 016 -0.12 -0.16
43 -0.13 017 =013 033 022 023 012 014 -
4.4 -027 -021 -013 -020 026 023 012 -0.16 -
51 020 -012 -0.21 0.12 -0.16 012 -

Table 11 Domain (ii): Spearman’s p as a measure of the correlation between participants’ rating
|p| < 0.20 weak correlation, 0.20 < |p| < 0.30 medium correlation, |p| > 0.30 strong correlation

T1 T2 73 T4 T5 7 T8
T1 -
T2 -0.18 -
T3 0.18 0.60 -
T4 040 033 -
T5 0.22 0.44 043 -
Té -0.12 0.13 -0.28
T7 -0.31 -0.27 -0.54 -041 -
T8 -0.19 0.22 0.23 -0.13 -0.26 0.22 -

Table 12 Domain (iii): Spearman’s p as a measure of the correlation between partcipants’ rating
|p| < 0.20 weak correlation, 0.20 < |p| < 0.30 medium correlation, |p| > 0.30 strong correlation

Al A2 A3 A6 A7
A1l -
A2 -
A3 -0.11 -
A4 0.38 -
A5 0.39 0.21 0.64
A6 0.40 0.17 0.61 -
A7 -0.26 -0.33 -0.18 -
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